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PREFACE

As humans, the tools we have developed Ffor exploration of the universe
include observation and inference. We use these tools to their limits in
exploration of the major questions of our intellectual life: the origin and
fate of the universe. We observe matter that is either "bright" or "dark” in
terms of its photon output. Optically bright matter tends to be in a hot,
gaseous phase in the universe, while dark matter is seen in silhouette against
background light. Dark matter in interstellar space tends to he cold, solid
phase material, and is seen in abundance at infrared wavelengths. 1In either
case, the matter in these phases exists as a result of its history. Retracing
this history and projecting its future is the focus of the efforts directed at
the study of cosmic material. This workshop represents part of that effort.

Stars have been identified as the point of origin of much of the dust
grain material observed in cosmic environments. The interstellar medium has
been identified as the transporter and processor of grains. The interplane-
tary medium is the depository for these grains, and when they fall to earth in
meteorites, we then can examine first-hand the tangible evidence of cosmic
history locked in a solid bhody.

Participants in this workshop grappled with several questions: Is there
evidence that material 1is heing transported from stars ultimately Cto the
laboratory? Possibly. Supernova and s—process isotopic enrichments produced
only in stars have been found in meteorites. However, our theoreticians are
embarassingly clever at destroying dust grains in interstellar shock fronts
much more rapidly than replacing them with new grains. Despite this intel-
lectual conundrum, abundant interstellar grains are evident, so the stellar
material must be at least partially preserved. Finally, the best match, at
present, to certain previously wunidentified interstellar dust spectral
features is an organic material, the polycyclic aromatic hydrocarbons (PAHs).

This report contains the labors of a highly interdisciplinary mix of fifty
astronomers, planetary scientists, chemists and experimentalists who shared
information and confronted issues in frontier areas at the largely undefined
interfaces of their respective specialities. The invited talks, contributed
papers, discussions and working group reports highlight the state of knowledge
of this field in an unique way. We invite you to share the excitement felt at
the Workshop.
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Introduction

The Workshop on the Interrelationships among Circumstellar,
Interstellar, and Interplanetary Grains was held at the Aspen
Institute's Wye Plantation Conference Center in Maryland, February
27-March 1, 1985. All members of the Science Organizing Committee
(soCc) felt that a "face-to-face" meeting between astronomers,
astrophysicists, planetary scientists, and meteoriticists was
long overdue. The importance the organizing committee and invited
participants attached to the proposed interdisciplinary nature
of the agenda is reflected by the rapidity with which such a produc-
tive meeting could be organized. The first teleconference of
the SOC took place on September 6, 1984, less than six months
prior to the workshop. The purpose of the workshop was to focus
attention on the interdisciplinary nature of "cosmic dust" research
and to make astronomers and planetary scientists more aware of
the developments that had occurred outside of their own research
areas over the last decade or so. A secondary objective was to
,stimulate cross-disciplinary research between workers whose exper-
tise was potentially complementary, but who had not previously
been aware of the scientific justification for such collaborative
efforts.

The first day was devoted to the presentation (and discussion)
of seven invited review papers. The talks covered circumstellar,
interstellar, and interplanetary materials; both observational
and theoretical aspects were presented. Speakers were not only
asked to "give the facts," but also to discuss uncertainties and
model dependent conclusions in a candid manner, Although illness
prevented the presentation of a talk covering laboratory aspects
of grain research, that paper is included in this volume for com-
pleteness. The evening of day one was devoted to a poster session
and marked by an extraordinary amount of cross-disciplinary discus-
sion, Abstracts of these poster presentations are included in
this volume.

On day two, a series of working group meetings were held.
The morning sessions were devoted to three parallel working groups
"which were asked to summarize the "facts" and relevant questions
in the fields of circumstellar, interstellar, and interplanetary
dust. The afternoon was reserved for discussion of the relation-
ship between circumstellar and interstellar grains, and between
interstellar and solar system materials in two simultaneous meet-
ings. First drafts of all working group reports were written
during and immediately after the group meetings. Summaries of
working group results were presented in plenary session so that
all participants had the opportunity to comment on the anticipated
content of the reports. The purpose of the reports was to focus
the thoughts of the participants on interdisciplinary approaches
that might be applied to grain research. A secondary aspect of
these reports was their utility as a "quick reference primer"
for use by interested researchers working outside of the field
covered by the report,




we note here that the methods of the five working group chairmen
varied considerably. All worked diligently to produce reports
reflecting the consensus of their groups; however, the style of
each report was determined by the individual group chairmen,
Each report was sent to all participants for comment, rewritten
by the group chairman, and edited at NASA Headqguarters.

On the morning of day three, we held a roundtable discussion
in which each participant was asked to state the "one burning
guestion" he or she would like to see answered or at least ad-
dressed 1n the near future. The edited transcript of this session
is included here because it makes thought-provoking reading,
It also constitutes a source of interesting thesis and dissertation
topics,

In this same vein some personal opinions of the participants
are contained in the "issue response forms" received before, dur-
ing, and atter the meeting. These “Issues”™ and response forms
were initially intended to stimulate interdisciplinary thinking
by the participants, and to serve as an aid to group chairmen
in writing their reports. The response forms also served to insure
that unorthodox ideas and alternative hypotheses of participants
were included in the proceedings of the workshop, even when such
ideas did not easily fit within the structure of a working group
report.,

All participants seemed to feel that the workshop was well
worth their efforts., A considerable amount of interdisciplinary
exchange occurred informally among participants and it remains
to be seen whether or not new research that crosses traditional
discipline boundaries has been stimulated., If this happens the
workshop can be considered a complete success.,
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I. INTRODUCTION

There is an enormous range in the properties of stars are are losing
mass. In this review I concentrate on those red giants that are responsible
for injecting roughly half or more of the material into the interstellar
medium.

During the past 15 years, there has been a dramatic improvement in our

understanding of mass loss from red giants. ‘The stars that are losing the
most mass ére enshrouded by cold envelopes of dust and gas so they are
primarily infrared and radio sources; consequently, with the development of
appropriate instrumentation, it has been possible to reach a much deeper
understanding of the mass loss from these stars. Optically% stars such as IRC
+10216, the carbon rich mass losing prototype, are extremely faint, yet at 10
Hm, many of the brightest objects in the sky are highly evolved red giants
(Kleinmann, Gillett and Joyce 1980).

In this review, 1 concentrate on describing the physical properties of
the outflows. &Earlier work has been reviewed by Zuckerman (1980), I focus on
the results obtained during the past 5 years. Also I do not, for exémple2
discuss either the importance of the grains in driving the outflows by
radiation pressure or models for how the grains might form. 1In Section II, I
describe the physical properties of the gaseous outflows while in Section III,
broad-band observational constraints on the dust are described. 1In Section

IV, spectroscopic studies of the grains are reviewed.




IT. PHYSICAL PROPERTIES OF THE GAS OUTFLOWS

In almost all the stars of interest, most of the outflowing gas is
hydrogen, and the first task is to describe the physical state of this gas.
Searches for atomic hydrogen at 21 cm from the outflows from red giants have
generally been unsuccessful (Zuckerman, Terzian and Silverglate 1980; Knapp
and Bowers 1983). 1In two special circumstances, @ Sco and NML Cyg, some of
the circumstellar hydrogen is ionized, and it has been possible to detect the
total mass outflow from measurements of the radio free-free emission
(Hjellming and Newell 1983; Morris and Jura 1983). However, in most stars, it
seems that the bulk of the outflowing gas is Hy. While in a few circumstances
the HZ is excited by shocks (Beckwith, Persson and Gatley 1978); current
technology does not enable us to study the bulk of the molecular hydrogen.
Therefore, most of the spectral diagnostics of the outflowing material have
been performed by studying the minor constituents such as CO, OH and Hy0.

Because it is so stable, standard condensation theories predict that the
first molecule to form as the gas cools is CO (Salpeter 1977), and the CO
consumes all the available oxygen or carbon. That is, a star 1s carbon rich
and has free carbon only if [C]/[0] > 1; otherwise the star is oxygen-rich.
The expectation that CO is abundant in the outflows from late-type giants 1is
well supported by observations, and a convenient wayv to study the
circumstellar CO has been its radio emission. Recent surveys have increased
to roughly abéut 100 the number of stars from which CO has been detected in
the radio (Knapp and Morris 1985; Zuckerman and Dyck 1985).

From observations of the radio CO profile, it is directly possible to

measure the outflow velocity from the full width at zero intensity of the line



(for example, Morris 1975). The characteristic outflow speed is 15 km s‘l;

outflow velocities range from 4 km s~1 to greéter than 40 km s~}. The outflow
velocity is correlated with the period of pulsation of the red giant (Morris
et al. 1979) suggesting that pulsations may be related to the rate of mass
loss (see also DeGioia-Eastwood et al. 1981). Also, at least in oxygen-rich
stars, with considerable scatter, it appears that v varies as pLi/u (Jura
1984b).

With relatively few assumptions, it it also possible to derive the mass
loss rate, M, from the radio CO observations. The CO radio lines are excited
by collisions with ambient H, and by flourescence that results from absorption
in infrared vibrational transitions. From the shapes of the radio line
profiles, the relative intensities of the J = 2-1 and J = 1-0 rotational
transitions and, in some cases, maps of the CO emission, it is possible to
derive mass loss rates (Kwan and Hill 1977; Morris 1980; Jura 1983b, Xnapp and
Morris 1985). The major uncertainties in the analysis are the abundance of CO
relative to Hy and the distance to the star.

In the usual evolutionary scenario, these mass—losing red giants evolve
into planetary nebulae (Zuckerman et al. 1977; 1978). Since observations of
planetaries do not show large variations 1n the total amount of CNO ejected
into the interstellar medium (Zuckerman and Aller 1985), the uncertainties
introduced by assuming a CO abundance in the outflow are probably not
dramatic. Also, while the total mass loss rate of an individual star is
sensitive to the assumed distance, some relative quantities such as the dust
to gas ratio in the outflow are not.

Mass loss rates from red giants cover a very wide range. The highest

known values are about 107" Mq yr"l while there are positive detections of




loss rates as low as 10~8 Mo yr‘l. This upper limit is probably significant

since the large majority of these red glants are asymptotic giant branch stars
approaches the maximum theoretical luminosity of 6 10" Lo (Iben and Renzini
1983). 1If radiation pressure on the grains drives the matter to infinity,
then Mv € L/c and with v = 15 km s™!, this implies that M < 107" My yr—1.
Although a few years ago it was suggested that for carbon-rich star;, Mv could
be considerably larger than L/c (Knapp et al. 1982), this no longer seems to
be the case (Jura 1983, Knapp 1985).

A number of important results appear in the recent survey of mass loss by
Knapp and Morris (1985). Some important though still tentative findings are:
1. The mass injected into the interstellar medium bv carbon-rich and
oxygen-rich stars appears to be roughly comparable. (This result is in
striking contrast to the optical observations that there are many more
oxygen-rich stars than carbon-rich stars, a discrepancy first noted by
Zuckerman et al. 1977).

2. A wide range of stars contributes to the mass ejected into the
interstellar medium. As a first approximation, the amount of mass

contributed by stars with mass loss rates of 10— yr"1 is comparable to the
amount contributed by the many more stars losing 10~ My yr'l.

3. At least 0.3 My yr'1 are returned to the interstellar medium to the entire
Galaxy by mass loss from red glants. This is at least comparable to and
probahly larger than all the other sources of newiinterstellar matter.
However, because their sample of étars was not chosen on some systematic

basis, definitive conclusions will not be reached until the recent

comprehensive survey by Zuckerman and Dvck (1985) is completed.



Other molecules besides CO have also been used to study circumstellar
shells. 1In oxygen-rich stars, OH, Hy0, Si0 (see Zuckerman 1980) and most
recently H,S (Ukita and Morris 1983) have been found while in carbon-rich
stars, a number of molecules have been found (Lafont, Lucas and Omont 1982)
including, most recently, SiC, (Thaddeus, Cummins and Linke 1984). As
described below, there is also recent evidence that large polycyclic aromatic
hydrocarbons may be present in large numbers.

Isotope ratios in the mass outflows from stars can be measured in the
optical, infrared and radio spectra; however, at all wavelengths there is
often some ambiguity in interpreting the data. By far the most commonly
studied isotope ratio is 12C/13C. For a Ori, an oxygen-rich supergiant, it
appears well established from infrared observations that 12C/13C = 6 (Bernat
et al. 1979). 1In the well studied carbon.star, IRC +10216, the recent
infrared data (Keady, Hall and Ridgway 1985) give !2¢/13¢ = 35 in reasonably
good agreement with most of the older studies (Zuckerman 1980). This
difference in the 12¢/1!3¢ isotope ratio between these two particular stars may
be characteristic of oxygen-rich and carbon-rich stars that are losing large
amounts of mass. That is, Knapp and Chang (1985) find from radio measurements
that 12co/l3co is generally larger in carbon-rich stars compared to
oxygen-rich stars. Also, optical studies of oxygen-rich red giants indicate
12¢/13¢ ratios around 10 (Hinkle, Lambert and Snell 1976) which is much lower
than the interstellar value of 43 * 5 (Hawkins, Jura and Mever 1984) and
therefore cannot be characteristic of the bulk of the matter which is injected
into the interstellar medium. Since carbon-rich stars contribute much of the

new mass of the interstellar medium, this indirectly suggests that carbon-rich




stars have 12C/13C ratios high compared to 10. Unfortunately, classical
optical spectroscopy of carbon-rich stars has not lead to precise measurements
of isotope ratios. As discussed by Dominy et al. (1978) and Johnson, O'Brien
and Climenhaga (1982), the inferred range for 120/13¢ in the well studied
carbon star V 460 Cyg is between 7.9 and 100, although the best current value
is around 30.
III. BROAD BAND OBSERVATIONS OF THE GRAINS

One of the most striking results of observations of mass outflows from
late—type giants 1is that there is a strong correlation between the gas loss
rate and the amount of grains measured by their infrared emission (Zuckerman
and Dyck 1985). From the observed infrared emission, it is possible to infer
the dust loss rate, and this value can be compared to the gas loss rate
derived from radio CO measurements described above. It has been found that
while there may be fluctuations, gas to dust ratios by mass of about 100 seem
to obtain (Knapp 1985, Sopka et al. 1985). In other words, for solar
abundances, most of the refractory material that conceivably could be
condensed onto solids actually does so. Indirect observational evidence of
the gas also supports this conclusion. For example, only about 1% of the
silicon is contained within gas phase Si0O even though this is thought to be
the major form of this element in the gas. This result is consistent with the
view that most of the silicon is contained within grains (Morris et al. 1979;
Jura and Morris 1985).

It seems well established that not only do the grains contain a large
fraction of the material other than volatiles such as hydrogen and helium, it
seems that the circumstellar grains also have sizes not too dissimilar from

interstellar grains. That is, with some considerable uncertaintv, there is



evidence that many of the grains have sizes within an order of magnitude of
0.1 um. The evidence is thé following:

1. oOptical observations of quantities such as the intensity of Ha/HB emission
lines in carbon stars indicate considerable circumstellar reddening (Cohen
1979). Also, molecules such as H,0 and HCN afe photodissociated by ambient
interstellar ultraviolet photons as they flow out of the star (Goldreich and
Scoville 1976, Huggins and Glassgold 1982, Jura 1983a). Interpretation of the
spatial distribution of ‘these molecules indicates that the extinction probably
continues to rise in the ultraviolet. Therefore, most of the particles in
circumstellar outflows are probably not larger than 0.1 um; otherwise the
extinction would not be a strong function of wavelength.

2. Polarization of the optical (Shawl 1974) and near infrared radiation

(Dyck et al. 1971) can be interpreted in terms of grains of roughly 0.1 um
size (Daniel 1982). That is, not all the grains are very small; otherwise
there would be no effective scattering.

3. In the outer circumstellar envelope (r > 1015 cm), the gas is heated by
the grains streaming supersonically through the gas (Goldreich and Scoville
1976). This heating rate is sensitive to the grain size, and at least in the
case of IRC +10216, the best studied circumstellar envelope around a carbon
star, it appears that the mean size of a grain is 0.04 um (Rwan and Hill
1977).

4, Papoular and Pegourie (1983) have suggested that the shape of the 10 um
feature 1n oxygen-rich stars requires some grains with sizes comparable to 1
pm. While it is important to understand the nature of the profile variations
among different sources, this could be a result of temperature or

compositional differences rather than grains having different sizes.




The overall infrared energy distribution of the light from circumstellar
dust shells seems to be well understood (Rowan Robinson and Harris 1983z, b;
Sopka et al. 1985). Models of the observations are most consistent with a
grain emissivity that 1s modelled by a power law which varies more like A-1.2
rather than A~2 (Campbell et al. 1976, Werner et al. 1980, Sopka et al. 1985).
In carbon stars, this suggests that the grains are more likely to be composed
of amorphous carbon rather than graphite.

The presence of near infrared emission indicates that some of the grains
are relatively warm with temperaturés near 1000 K. This is an important
constraint on any formation mechanism of the grains. Also, interferometry
indicates that the grains are formed within 1015 cm of the stars (Sutton et
al. 1977, 1978, 1979, Dyck et al. 1985)., This result also suggests that the
temperature of formation is near 1000 K.

A very indirect argument on the location of the grain formation comes
from the observed outflow velocities. TIf the gas to dust ratio is 100, we
expect that once the grains form, radiation pressure overpowers the
gravitational force exerted by the star and drives the material to infinity.
If the grains form close to the star, then the outflow velocity is predicted
to be larger than the characteristic speed of 15 km s~!. On the other hand,
the result that v varies as L!/* is consistent with condensation of a large
amount of material at 1000 K (Gehrz and Woolf 1971, Jura 19843) or roughly
101% cn from the star of iuminoisity 10" Lo

A final point is that the line profiles in circumstellar outflows may

provide valuable information on the condensation sequence. In the spectrum of
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IRC+10216, Keady, Hall and Ridgway (1985) have measured broad troughs in the P
Cygni lines. A possible model to explain the observations is that as the
grains cool in the outflow, they can accumulate molecules that were too
volatile to condense onto the solid at the higher temperature characteristic
of the grains cleser to the stars. Rapid accumulation of mantles might occur
at preferred temperatures and this would ;esult in impulsive acceleration of
the material as the grain opacity becomes larger (Jura 1984b). Therefore, it
may be possible with sufficiently good data to indirectly infer the
condensation sequence in the outflow from a star.
IV. SPECTRCSCOPY OF CIRCUMSTELLAR DUST

Although the broad band measureﬁents can provide useful constraints on
the nature of the dust, they do not provide nearly as much information on the
detailed structure of the grains. Merrill (1979) and Kleinmann, Gillett and
Joyce (1981) have reviewed the observations of the spectra of red giants. A
major result is that the oxygen rich stars display the silicate features at
9.7 um and 18 pm while ;he carbon~-rich stars show SiC at 11 pm. Since 1980,
there have been a number of recent advances of our uﬁderstanding of the
grains:
1. Forrest, Houck and McCarthy (1981) have discovered a feature near 30 um in
the spectrum of carbon-rich stars. The nature of the carrier remains
unidentified.
2. Draine (1984) has predicted the presence of a feature at 11.52 im in the
spectra of carbon-rich stars 1f the grains are composed of graphite. The
absence of this feature in the spectrum of IRC 410216 is consistent with the

view that the material is more likely to be amorphous carbon than graphite.
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3. A few oxygen rich stars show absorption at 3.1 um characteristic of ice
(see, for example, Soifer et al. 1981). Jura and Morris (1985) have argued
that gas-phase Hp0 condenses onto grains once the dust temperature falls below
110 X at a sufficiently large distance from the star. Quantitatively, this
model explains the presence of both gas—phase and solid-phase Hp0 around OH
231.8+4.2, the star with the strongest known ice band.

4. A remarkable advance 1in our understanding of the spectra of the solid
state material comes from the study of "unidentified” infrared emission

bands between 3.3 um and 11.3 um. That is, in a variety of objects such as
the carbon-rich planetary nebula NGC 7027, much of the radiation 1s carried in
discrete bands rather than in a continuum (Russell, Soifer and Willner 1977).
Just before NGC 7027 became a planetary nebula, it was a red giant (Zuckerman
1977, Jura 1984b) and we still can detect the outer molecular shell
surrounding the inner ionized gas. The diffuse IR lines are produced at least
in part in the outer moiecular gas (Aitken and Roche 1983, Isaacson 1983).

The identification of the iInfrared features with various vibrational
mode§ of carbon carbon bonds and carbon hydrogen bonds was suggested by Duley
and Williams (1981). 1In an important advance, Leger and Puget (1984)
described quantitatively how the observed emission features naturally result
from the absorption of ultraviolet radiation by very small (~50 atom) grains;
the equivalent of very large molecules. By comparing the observed spectra
with laboratory studies, Leger and Puget suggested that polycyclic aromatic
hydrocarbons (PAH's) are the best candidates to explain the infrared features.
While there is some question as to the exact nature of these molecular
carriers (Allamandola, Tielens and Barker 1985), there seems to be a good
chance the basic identification of PAH's in circumstellar outflows is

correct.
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The proposal that the IR bands are carried by PAH's does not, by itself,
describe the molecular composition. The observed bands are characteristic of
specific bonds rather than specific molecules. For precise identifications,
it will probably be necessarv to acqulre spectra of the electronic
transitions.

Quite remarkably, there is some possibility that the PAH's can also
explain a 50 vear old problem —-the origin of the diffuse interstellar bands
observed optically. Leger and d'Hendecourt (1985) and van der Zwet and
Allamandola (1985) have proposed that these features may be carried by PAH’s
that are generally present in the interstellar medium. While laboratory data
do not (at least yet) support this suggestion, it may be that we do not know
enough about tﬁe optical spectra of the appropriate molecules because they are
ionized or are otherwise modified from normal laboratory speciméns, and
therefore they have not been intensively studied.

In related observations, Pritchett and Grillmair (1984) have discovered
the presence of the diffuse bands 5780 A and 5797 A in the spectrum of NGC
7027, a carbon-rich planetary nebula that has just evolved from the red giant
stage. Because much 1f not all of the extinction towaird this object 1s
circumstellar rather than interstellar (Jura 1984b), it is distinctly possible
that the diffuse bands are carried by large carbon-rich molecules, such as the
PAH's. A search for the features in oxygen rich circumstellar shells was not
successful (Snow and Wallerstein 1972, Snow 1973), but further work is

appropriate.

This work has been partly supported by NASA and the NSF. 1 particularlv thank

Mark Morris and Ben Zuckerman for manv useful conversations.
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N86-23495

Circumstellar Grain Formation

B. T. Draine, Princeton University Observatory

1. Principal Classes of Grain-Forming Stars

It is now evident that grains are presént in the outflows from many cool giant
and supergiant stars. In addition to these cool evolved stars, nova explosions are
also known to sometimes show evidence for dust condensation (Gehrz et al. 1984
and references therein). Less is known about dust formation in the neighborhooed
of protostars, but this may play a significant role in grain reprocessing (Burke and
Silk 1976). The present paper will concentrate on dust formation around cool

giants and supergiants.

Cool stellar atmospheres and envelopes are quite cleanly separated into two
very different classes: those in which oxygen is more abundant than carbon (C/0 <
1), and those in which carbon is more abundant than oxygen (C/0 > 1). In both
cases, the cool atmosphere forms CO to the point of almost fully locking whichever
of the two elements is least abundant; the remaining atoms of the more abundant
of C or O then dominates the chemistry of the cool atmosphere.

(a) Oxygen-Rich Outfiows

The first abundant condensate expected in a cooling atmosphere with cosmic
abundances (C/0 ® 0.5) and densities ny~108m™2 would be silicate minerals such
as olivine (Mg,Fe),Si0, and enstatite MgSiO; (see the review article by Salpeter
1977). These silicates appear at T~1000K. Dusty outflows from oxygen-rich stars
commonly show the 10um "silicate feature” — due to the Si-O stretching mode --in
either emission or absorption, thus confirming the condensation of silicates in
these outflows. Betelgeuse (a Ori) is an example of a red supergiant star with a

silicate emission feature; OH 0738-14 is an example of an oxygen-rich outfiow with
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so much dust that the silicate feature appears in absorption (Soifer et al. 1981).

(b) Carbon-Rich Outflows

In a carbon-rich atmosphere, some form of solid carbon will be the dominant
condensate. Ideal monocrystalline graphite is the thermodynamically favored
condensate, but kinetic factors will probably result in the formation of some
polycrystalline carbon solid — such as "turbostratic” graphite — or "amorphous” or
glassy carbon. Graphite and amorphous carbon have no strong infrared spectral
Ieatures permitting unambigous identification, although crystalline graphite does
have weak infrared resonances (Draine 1984). In addition to graphite, SiC (silicon
carbide) can also condense (although somewhat later than graphite if in LTE).
Silicon carbide has a spectral band in the 10.5-12um region which was first
identified in the spectrum of IRC+10216 (Treffers and Cohen 1974). IRC+10216 is
perhaps the best example of a carbon-rich outflow, showing a nearly featureless

infrared spectrum.

2. Grain Nucleation in Steady, Spherically-Symmetric Outflows

(a) Temperatures of Circumstellar Grains

The temperature of a circumstellar dust grain is essentially determined by a
balance between the rate of absorption of radiation from the steliar surface and
the rate of thermal infrared emission by the grain. The temperature therefore is
guite strorngly dependent upon the absorptive properties of the particle at the
wavelengths where most of the stellar radiation is -- typically ~1um for the cool
stars which concern us here. Clean terrestrial silicates have relatively small
absorption coefficients in this wavelength region. For a star with a temperature
7,=3000K, a clean olivine grain a! a radius r~1.6K, will be at the condensation
temperature T®1000K. For a star emitting as a 7=2000K blackbody, a clean

olivine grain al r=1.3R, will have 7=1000K. Thus c'zan olivine particles can exist
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relatively close to the surfaces of cool stars.

However, there is strong evidence that the silicate dust surrounding at least
some stars must be much "dirtier” than the clean olivine discussed above. This is
because the grains must be sufficiently absorptive to absorb enough of the stellar
radiation to reprocess it into the observed infrared emission (Jones and Merrill
1978). For a star with T.=3000K, these dirty silicate p‘articles would have T=1000K
at r~4.5K, Thus we see that the “condensation radius” depends quite sensitively
on the assumed grain opticeal properties.

(b) Kinetic Considerations
Consider a spherically-symmetric steady outflow with mass loss rate M.
Suppose that a grain is injected into the outflow at radius 7,. If the sticking
probability is s, and depletion of the vapor is neglected, the amount Aa by which
the grain radius will increase is

R.]

Ty |

L )7
10°Le |

|
108 Mg yr!

—~
~——

Ao = 200!1]'_45[
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Teff ] v ] ¢ 1
2500K | |10kms™! |

I have assumed a grain density 3gcem™

, an average atomic mass <5 amu, and a
mean speed of 1kms™ for the condensible gas atoms. The condensible gas atoms
are assumed to have a density m=10"*f 4ny (f _4¥1 being appropriate for
condensation of silicate grains from gas of cosmic abundances: Si/H= 3.3x107°
Mg/H = 2.6x1075 Fe/H =4.O$<10'5). It is clear that grain growth in such an ocutflow
is severely limited by kinetic considerations, completely aside from the question of

grain nucleation.

(¢) Nucleation Theory and Its Limitations

As seen above, grain growth is subject to severe kinetic limitations. Ferhaps
an even more severe limitation is that posed by the need to nucleate solid
particles out of the vapor. The problem here is that small particles or clusters are

not as stable as bulk material, because surface iree energyv makes a substantia
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contribution to the overall iree energy of the cluster. Thus, at a given degree of
supersaturation, there is a minimum particle size (the 'critical cluster size')
below which clusters are more likely to evaporate than to grow. Statistical
fluctuations are responsible for a finite rate of formation of clusters exceeding the
critical cluster size; once having attained this size, the cluster becomes stable and

will continue growing until the vapor ceases to be supersaturated.

The idealized problem of nucleation out of a slowly cooling vapor, always close
to LTE, has been the subject of so-called "'classical” nucleation theory (Draine and
Salpeter 1977; Yamamoto and Hasegawa 1977). When account is taken of depletion
of the vapor by cluster nucleation and growth, it turns out that specific predictions
can be made of, for example, the supercooling which the vapor will undergo before

the nucleation rate peaks, and the final sizes of the clusters which will form.

The theory makes a number of simplifying assumptions. One is that the
"vibrational” temperature of the clusters and the kinetic temperature of the gas
are the same. This condition is certainly nof satisfied in a circumstellar flow. It is
relatively easy, however, to make allowance for nonequality of the vibrational
temperature and the gas kinetic temperature (Draine 1981). A second assumnption
is that grain growth consists of addition of monomers from the vapor, and that
chemical distinctions among these monomers may be overlooked. This is certainly
not correctl in detail for growth of silicates, for example, as has been emphasized
by Donn (1876). A third questionable assumption is that the "critical” cluster size
is large enough that the iree energies of these clusters may be sensibly estimated.
This is a controversial issue; Draine (1979) has argued that existing information
concerning the thermodynamics of small clusters suggests that their free energies
can be meaningfully estimated, but others have disagreed (Donn and Nuth 19883).
A fourth assumption is that the criticai-sized clusters are large enough so that the

internal degrees of ireedom of the cluster are able to absorb the latent heat
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released when a new chemical bond is formed at the grain surface; this iatent heat
can in fact lead to very small eflfective "sticking" coefficients for gx"owih of small

clusters (Salpeter 1973).

The applicability of "classical” nucleation theory to the nucleation of
refractory materials is not clear. Donn and Nuth (1985) have argued that existing
experimental studies of the nucleation of refractory materials are inconsistent
with the predictions of classical nucleation theory. My own view is that "classical”
nucleation theory must of course be employed with extreme caution when the
critical cluster size is small, but that the theory — for all its limitations — is better
than nothing. Obviously it would be most desirable to have a full kinetic model
with state-to-state transition rates, but this is far beyond our grasp at the present
time. I am also not persuaded that the experimental data really rule out the
applicability of "classical" nucleation theory to refractory systems -- the
experiments are extremely difficult and demanding, and I hope that more work
will be done in this area. In any case, as indicated below, the chemical physics of
grain nucleation -- as incompletely understood as it is — may perhaps not be the
greatest source of uncertainty in our present understanding of circumstellar grain

formation.

3. Real Circumstellar Mass Flows

(a) What drives mass loss?

We observe mass loss from many cool stars, but it must be said that the mass
loss mechanism remains a mystery. In extremely cool stars, grain formation:itsell
could in principle drive the mass loss: grains could nucleate within the stellar
atmosphere, and radiation pressure acting on the grains could then "lLift off” the
upper layers of the atmosphere. The physics of this has been discussed by

Salpeter (1974a,b). Model calculations of steady mass loss from very cccl




(Tessr =2000K) stars have been done by Deguchi (1980); Woodrow and Auman (1982)
have modelled the time-dependent mass loss from cool pulsating Mira variable

stars.

Convection in the envelopes of glant stars is expected to lead to substantial
variations in temperature over the stellar surface. As a result, Salpeter proposed
thal grain formation might take place within cool patches on the stellar surface.
This idea continues to have appeal, particularly for understanding mass loss from
the coolest stars. However, many mass-losing stars -- such as a Ori -- are now
believed to have such high effective temperatures that it is hard to believe that
there could be patches cool enough for grains to form right in the stellar
atmosphere, or, indeed, that grains so formed could survive as they moved away
from the local cool patch and were exposed to radiation from hotter regions of the
stellar surface. Remember that silicate grains cannot survive heating to
temperatures significantly in excess of 1000 K.

(b) Observational Evidence for Complex Gas Flows Around Mass-Losing Stars

Accumulating observational evidence is leading to a picture where the gas
flows around mass-losing stars are extremely complex. In the case of a Ori,
Boesgaard (1979) has observed Fell emission lines which she interprets as
originating from material at ~1.8R. falling inward onto the star. This is hardly

comforting to proponents of steady, spherically-symmetric outflow models'

Red giants with SiO masers provide another independent piece of evidence for
complex outflows. Attempts to model the observed 510 maser emission from VX
Sag and R Cas lead to the conclusion that the maser emissicon originates in clumps

of gas with densities a factor of ~10% times greater than the density which would

be appropriate to a spherically-symmetric, steady outflow (Alcock and Ross 1985).

It is evident that we are a long way {rom understanding the nature of the

near-star gas flows in these mass losing stars.
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(c) Application to « Ori

Now let us consider a Ori as a particular, well-observed, example. For
reasonable parameters (M~2x1078Mg yr~), L~2x10°Lg , Topy =3600K, v=8kms™?)
we find Aa=654 f _,s(R«/7y). It is clear that if grain formation does not take
place until, say, r;=6.5R. (the minimum distance at which dirty silicale grains can
survive), then (from eq. (1)) the resulting grains must be very small: a<10& . In
fact, infrared interferometric observations (McCarthy, Low, and Howell 1677,
Sutton 1977; Howell, McCarthy, and Low 1981; Bloemhof, Townes, and Vanderwyck
1984) have been interpreted as showing that grain formation around o Ori does not
occur within ~10R.. The observations of Bloemhof et al. appear to indicate that
the peak 10um emission occurs approximately 0.9 arcsec from the star -- 40
stellar radii (for an assumed stellar angular diameter of 0.046 arcsec). On the
other hand, scattering of starlight by circumstellar dust has been observed
(McMillan and Tapia 1978), which requires the grains to be at least ~1004 or so in
size. Thus we conclude that one or more of the assumptions made above must not
be correct. It appears most likely that the assumption of a spherically-symmetric,
steady outflow is unrealistic, and that the actual gas flow in the grain-forming
region is time-dependent and possibly not spherically-symmetric. This of course is
a serious complication, and one which poses a serious obstacle to progress in

understanding the grain formation in this outflow.

Even so, it is difficult to see how grain nucleation and growth can be deferred
until the gas reaches such large distances from the star. One possibi’Ii"Ly, of
course, is that the outflow is strongly time-dependent, with little grain formation
at the present time. At a velocity of Bkms™}, the time scale for flowing one stellar
radius is ~3 year, so that this interpretation would suppose that the star last
produced dust a few decades ago. In this connection, it may be noted that the

dust emission around a Ori appears to be asymmetric: Bloemho! ef al report
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grealer emission on the west side vof the star. Furthermore, two distinct velocity
components are observed in the outflow, with a 14kms™! component present
exterior to the Bkrns"w component (the 8 and 14kms~! components have CO
rotational temperatures of 200 and 70K, repectively; Bernat et al. 19?9)1
suggesting that the outflow properties have changed within the past 1000 years
(Ridgway 1981).

Another possibility for trying to understand the peaking of the 10um emission
at such large distances from the star is the following idea: the grains may nucleate
relatively ciose to the star, as '"clean' silicate grains. After the nuclei are present,
grain growth may proceed in a seli-limiting fashion: when the growing grain
incorporates an "impurity"” from the gas which enhances the grain absorptivity in
the ~lum region, the grain may heat up and begin evaporating atoms from the
surface until it succeeds in removing the "impurity”. The grain can obviously
tolerate greater degrees of absorptivity as it is carried farther and farther {rom
the star, until at ~10R, it can exist in the fully dirty form. By this means gfam
nucleation can be carried out relatively close to the star, but grain growth will not
be comnplete — and the grains will not have attained their maximum absorptivity -~ =
until the material has reached about 10 stellar radii from the star. This effect
evidently helps in reconciling” our theoretical expectations with infrared
observations, though it seems incapable of accounting for the peaxing of infrared

emission at 30K, as reported by Bloemhof ef al..
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4. Summary

Based on the above, we see that our understanding of the grain formation
shenomenon is extremely limited: the optical properties of small clusters are
uncertain; the molecular physics of cluster nucleation and growth is poorly
understood; and the properties of the gas flows within which the nucleation occurs
remain mysterious. Much remains to be done on both the observational and

theoretical fronts.
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Observations and Theories of Interstellar Dust
John S. Mathis, Univ. of Wisconsin-Madison

Introduction and Disclaimer: I will try to summarize the
observational properties of dust, as based on (1) the extinctiion
over a factor of 100 in wavelenyth (0.1 um - 10 pm), (Z) on
polarization, both linear and circular, (3) on rather narrow
emission and absorption features in the spectrum, and {(4) on
reflection nebulae. I will then discuss theories. Clearly, 1
cannot mention much of the vast literature which is relevant.
There are reviews in Savage and Mathis (1979), Stein and Soifer
(1983), and Draine (1984). To the many workers in the field
whose papers I will fail to cite, I say: please don't feel
slighted; you have plenty of company.

It is essential to realize that the words "interstellar
dust" refer to different materials when they refer to the diffuse
ISM, to the outer edges of dense clouds, or to the dark central
regions of those clouds. There are obvious observational
selections which make it difficult to study dust in dense
regions. Most of what I will say refers to dust in diffuse
regions, which I will call "diffuse dust".

1. Observations

A. Extinction. There is very gyood agreement on a "standard"
extinction law for diffuse dust for x > 0.3 um. In dense
regions, extinction for x > 0.55 um seems to be the same as 7or
diffuse dust,but the value of R(V) (= A(V)/E(B-V)) increases from
the diffuse ISM value of 3.1 to 4 or 5. The change seems to be
in the B magnitude, in the sense that the extinction becomes more
grey. In the IUE ultraviolet, the situation is quite different:
there are certainly real variations of the extinction even in the
diffuse ISM, especially for » < 0.16 um (Hassa et al. 19863; Witt
et al. 1984a). These variations are often shared by all stars in
a common region of tne sky. The changes in extinction from one
star to another have a universal wavelength dependence,
suggesting that a single grain population is responsible for the
. far-UV rise (Greenberg and Chlewicki 1983; Massa and Savage
1984). The famous A2175 "bump" is the only extinction feature in
the whole visual-UV region (I am not considering the diffuse
intersteliar pbands, which are likely produced by some material
associated with dust). Unpublished work by E. L. Fitzpatrick and
D. Massa (private communication) show that the wavelength of the
maximum of the bump is exceedingly constant from direction to
direction, while the width and strength of the bump vary
significantly. This behavior is not at all like that expected
from graphite; more about this later...

The only other spectral absorption features are in the
near-infrared (NIR): the 9.7 um "silicate” feature, which is
matched well by amorphous silicates but somewhat better by the
absorption in the oxygen-rich star u Cep (Roche and Aitken 1934).
There 1s & 20 um absorption feature which 1s also present 1in
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silicates. A 3.4 um absorption is weak but consistent with
absorption by C-H stretching. The absorption coefficients of
individual hydrocarbons vary greatly, and only tiny amounts of
some substances could produce the entire 3.4 pum band, while other
materials would require most of the cosmically available carbon
in order to have sufficient strength (Duley and Williams 1979).
The 3.4 um absorption is seen only when there is a huge amount of
visual extinction, such as A(V) = 25 - 40 mag towards IRS 7 near
the galactic center (Jones et al., 1983; Allen and Wickramasinghe
1981). We happen to be viewing the galactic center through only
diffuse ISM, so the 3.4 um band is presumably found in standard
diffuse dust.

There is an absorption feature at 3.07 um which does not
occur in diffuse dust. It is sometimes not visible until A(V) =
25 mag (Harris et al. 1978), but it can appear at A(V) = 4 - 6
mag (Whittet et al. 1983). It can be fitted very well by solid
water and ammonia ices (Hagen et al. 1983). There is also a 4.67
um feature in very dark clouds which is presumably caused by
solid CO (Lacy et al. 1984). Hence, there is no doubt that
deep within dark clouds the grains have coatings of ices.

Emission features are observed at 3.3, 3.4, 6.2, 7.6, 8.8,
and 11.9 um in such diverse sources as some Seyfert I galaxies,
planetary nebulae, and stellar sources deep within molecular
clouds. There is a good review by Aitken (1981).

Linear polarization caused by alignment of grains shows a
maximum at a wavelength, x{max), which varies from star to star.
It is in the range 0.4 to 1.0 um, with an average of 0.55 um.

An empirical law (Wilking et al. 1982) fits the form of p(r) very
well. There is a good linear correlation between Ax(max) and R(V)
(Whittet and van Breda 1978), understood in a reasonable but
gualitative way by the idea that both large x(max) and R(V) are
associated with particles which are larger than average (but see
Chini and Kruegel 1983 for a note of caution on this point).
There is no correlation between p(max) and E(B-V), except that
their ratic never exceeds 9% per mag. This fact is easily
explained: a tangled magnetic field or imperfect grain alignment
can easily lower p(max)/E(B-V). The largest values of
p(max)/E(B-V) must be associated with those directions with the
most uniform magnetic field and perfect alignment. The observed
maximum value implies almost perfect spinning alignment
(Greenberg 1968).

The 9.7 um "silicate" absorption band shows very strong
linear polarization in some cases, such as the Orion BN object.
The significance of this fact is that the grains responsible for
the 9.7 um band must be elongated and aligned.

Circular polarization provides a powerful diagnostic
regarding those grains which are aligned (but, of course, only
those) because it goes through zero at a wavelength A{cir) which
15 quite sensitive to the dielectric constant of the material.
Observations (Martin and Angel 1977) show that a{cir) = x{max),
the wavelength at which linear polarization is a maximum. Martin
(1974) showed that this condition implies that the polarizing
nmaterial is a dielectric, with a real index of refraction and no




true absorption, if the index of refraction is independent of
wavelength. The material magnetite has an index of refraction
which varies with A in such a way that at 0.55 um, it would have
A(cir) = a(max). However, the condition is met for stars which
have different values of a(max), and magnetite would not provide
the observed condition for other wavelengths. Thus, the grains
which provide the polarization have an albedo of almost unity.
As we shall see, this fact puts powerful pressure on theories of
grains.

Reflection nebulae and the diffuse galactic 1ight can in
principle provide information about grains, but unfortunately the
interpretation of observations is highly dependent on the unknown
geometry of the nebula. The most interesting observation is that
there is an excess of emission in the NIR, probably extending
into the red spectral region (Sellgren 1984, Witt et al. 1984b).
I would guess that it extends into the IRAS 12 and 25 um channels
as well. It is presumably caused by either a fluorescence
(excited by a UV stellar photon) or by the heating of very tiny
grains by single UV photons, followed by radiative cooling. The
spectrum of the excess emission, and its variation with spectral
type of the exciting star, will be an interesting diagnostic of
grains. .

There are other diagnostics I will not discuss. One is the
spectrum of the far infrared (60 - 200 um) emission from the
grains heated by the galactic starlight. The spectrum depends
on the dielectric properties of the materials through the
absorption of the visual/UV and the emissivity in the FIR. The
formation and destruction of grains, and the depletions of
elements from the gas phase of the ISM, also are important clues
as to the kinds of particles which ought to be present in space.

II. Theories of Grains

There are at least four “"complete" theories of grains which
claim to explain the entire range of observable wavelengths (0.1
- 20 um). They have one feature in common, in my opinion: each
is in conflict with at least one observation. Possibly the real
answer is a combination of some of these ideas, plus, I suspect,
several concepts which no one has thought of yet.

I discuss the theories in turn, followed by a contrast of
the two most commonly discussed ones.

A. F. Hoyle and N. C. Wickramasinghe (1982) advocate a
mixture of annhydrous biological material, plus graphite for the
22175 bump. Jabir, Hoyle, and Wickramasinghe (1982) give a
specific 1ist of materials in the model, but the ingredients seam
to vary from time to time. The only concrete objection I am
aware of (Whittet 1984) is that the model uses an order of
magnitude more phosphorus than is cosmically available.

B. W. W. Duley, 7. J. Millar, and associates (e. g., Duley
and Najdowsky 1983) explain the extinction with various metallic
oxides and amorphous carbon. The A2175 bump is caused by
transitions of surface oxygen jons on tiny (10 Angstrom) MgO
crystals. The tiny size is required because only surface atoms
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carry the transition (in fact, bulk Mg0 has a very strong
absorption at 0.164 um which is not seen). There are also Si0
and Fel grains which are large (0.1 um), elongated, and aligned
in the galactic magnetic field. These grains provide the
polarization. The strongest laboratory support of this model is
the study (MaclLean et al. 1982) of blue flourescence radiation
produced by UV of various wavelengths incident upon Mg0 crystals.
The blue emission is a maximum when the UV is at A12200. A direct
measurement of the A2175 absorption would be much more
convincing.

It seems strange to me that one has tiny Mg0 and large Si0
and Fe0 particles. Another serious objection to this theory is
the strong polarization of the BN object at 20 um (Knacke and
Capps 1979). The polarization is caused by Fe0 and Si0; MgO
cannot produce polarization because its crystals are cubic and
are therefore too symmetrical. Si0 has no bands at 20 um, and
FeO provides much less absorption than Mg0 at 20 - 25 um (Brehat
et al. 1966).

C. J. M. Greenberg and his associates have developed a
three-component model (e. g., Greenberg 1984a,b). The
constituents are: (1) A population of tiny grains, probably
silicates, to provide the steep rise of extinction with 1/x at
A < 0.16 um. (2) Small graphite grains (or something similar) to
provide the x2175 bump. (3) Mantle-coated silicate grains to
provide almost all of the extinction from 0.3 um through the
visual/NIR." The mantles, which occupy 90% of the volume, are
assumed to be the "yellow stuff" refractory residue left behind
after warming UV-pnotolyzea ices of CO, water, ammonia etc., to a
Tew degrees Kelvin. The free radicals in the ices react and
produce the yellow material which is stable at room temperatures.
These reactions provide the gas-phase molecules which are
observed in dark clouds. The observations of the 3.07 um
absorption band strongly indicate that icy mantles do form within
dark clouds; the question is how much of the refractory residue
of the mantle can remain after the grain has been injected into
the diffuse ISM and has been subjected to shocks and other harsn
environments.,

D. HMathis, Rumpl, and Nordsieck (1977; hereafter MRN) have
two populations of bare refractory grains for the diffuse ISM.
One component is graphite; the other is silicates. Both have a
power-law size distribution in sizes. There is a rather
arbitrary cutoff in sizes at both ends. Originally, the smallest
size was assumed to be about 0.005 um because the data were
insufficient to determine the distribution of smaller sizes. The
observed excess NIR emission of reflection nebulae suggests that
the smallest particles might be about 0.001 um, which makes them
molecules rather than grains. The largest particle size is also
rather arbitrary, but about 0.25 um or so fits the extinction and
polarization quite well. Increasing the largest size for
silicates fits observed extinction in the edges of dark clouds.
Recently, the optical constants of graphite and silicates have
been rediscussed by Draine and Lee (1984), and any predictions of
tne MRN model should be made with their constants.
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The MRN model almost surely needs modification regarding the
origin of the A2175 bump. MRN requires the bump to be produced
by a size distribution of graphite particles rather than entirely
by small ones. The maximum is shifted about 0.01 um to longer
wavelengths by the contributions of small but not tiny (e.g.,
0.02 um) particles, which also contribute scattering in the
A < 0.15 um region. This picture makes the constancy of the
wavelength of the maximum of the bump, and the lack of
correlation of the bump strength with the x < 0.15 um extinction,
hard to understand (Greenberg and Chlewicki 1983).

I think that two recent ideas probably go a long way towards
clearing up the problems with the 12175 bump. They are
theoretical calculations by Leger and Puget (1984, and preprints)
and laboratory work by Sakata and coworkers (1983, 1984). In the
Sakata et al. work, methane is subjected to a discharge, and the
products are quenched onto a substrate. The residue is called
QCC (“quenched carbonaceous composite”). The QCC shows both the
22175 bump and absorption features at most of the wavelengths of
the NIR emission bands in the ISM. The Leger and Puget theory
suggests that mixtures of polycyclic aromatic molecules of
molecular weights of about 50 or so, which I think of as pieces
of graphite, should produce the emission features and the NIR
excess in reflection nebulae. However, it is somewhat obscure
to me how the width of the bump can vary much with the QCC or
poiycyclic aromatics ideas.

It has always been difficult to understand how carbon can be
annealed into graphite in the brief time it spends as a hot solid
in a carbon-star atmosphere. Annealing in interstellar space
seems even more difficult. Therefore, I find the suggestions
outlined above very appealing, and feel that MRN should be
modified to include the polycylic aromatics, or whatever QCC 1is.

Observational confrontation of MRN and Greenberg theories 1is
possible because of the predictions of the nature of visual
extinction. The reasoning is that the circular and linear
polarization, taken together, show that the polarizing material
is a dielectric. If there is only one kind of grain providing
the extinction, as in the Greenberg theory, then the visual
albedo must be almost unity (see Greenberg 1984b). Using the
optical constants of Draine and Lee (1984), I estimate that less
than 7% of the extinction at Ha is provided by the graphite
required to produce all of the bump, and I suspect that QCC or
polycyclic aromatic molecules probably have about the same
absorption as graphite because of a similar chemical structure.
Thus, the albedo of the Greenberg theory should be 0.93 because
only the "graphite" is providing true absorption. Yet, we know
that H Il regions have fairly large absorption of their Balmer
Tines, as judged from the Ha/radio continuum ratios (e.g., Israel
and Kennicutt 1980). If there were just scattering, the Tline
photons would escape, and we would see no reduction in line
strength. Thus, the albedo at Ha must be appreciably different
from unity, and 0.93 is nowhere near different enough.
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Similar reasoning applies to reflection nebulae; most
analyses suggest a visual albedo of 0.6 - 0.7. The MRN predicts
an albedo of about 0.55 at He and 0.61 at V.

Anotner point of disagreement between MRN and Greenberg is
whether the grains in the outer parts of dark clouds are larger
because of coagulation (MRN; see Mathis and Wallenhorst 1981) or
accretion of mantles (Aannestad and Greenberg 1983). Accretion
is a reasonable idea, and must certainly take place beyond some
point in the cloud. However, observations of two stars embedded
in clouds, p Oph and NU Ori (Shull and van Steenberg 1985)
show that the ratio of the column density of H I to extinction,
N(H I)/A(V) is greater for these stars than for the average ISH.
In other words, the extinction cross section per neutral H drops
as we go into the cloud. This is predicted by coagulation (Jura
1980), becuase larger grains are less efficient absorbers. The
fact that only two stars show the increase does not imply that
others do not show coagulation. In dark clouds, most H is
molecular, which IUE cannot detect. If accretion were the true
situation, the conversion of atomic H to molecular alone
should decrease N(H I)/A(V), since the cloud material contributes
dust without atomic H. Adding new material to each grain,
thereby increasing A(V) for the fixed number of grains per H
nucleus, makes matters so much worse. Thus, accretion in the
outer parts of clouds predicts the wrong sign of the observed
extinction per H nucleus.

Supposedly the wavelength dependence of linear polarization
is a strong point in favor of the Greenberg model (Aannestad and
Greenberg 1983). I have a poster in this workshop giving what
seems to me to be a natural and quantitative expianation of both
the shape and changes from region to region of the linear
polarization. Since it hasn't been properly refereed, I will not
comment on it further. I invite criticisms of the poster.

Overview: I close with the thought that there have been
great strides in the understanding of the nature of dust in the
past ten years. [ feel that the new ideas regarding (QCC and
polycyclic aromatic hydrocarbons are very exciting. I suspect
that no one theory will emerge as the "winner", and that the true
one has yet to be Tormulated.
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I. INTRODUCTION

There is strong evidence for the destruction of dust grains in fast shock
waves in the interstellar medium (ISM). This talk will discuss some of this
evidence and will review the mechanisms by which the grains are destroyed in
shocks. Grain growth in shock waves is a more controversial subject, although
it is potentially as important as the destruction processes., A few comments
on growth mechanisms will be made at the end of this talk.

IT. TIMPORTANCE OF SHOCKS

The shocks most effective at destroying grains are those with velocities
in the range 30-400 km s'l, propagating through diffuse interstellar clouds
(nH = 10 cm’3) or intercloud matter (nH = 0.2 cm'3) with magnetic fields of 1-
3 uG. These velocity 1imits are not precise; shocks slower than about 30 km
s~ are ineffective at destroying grains, while shocks faster than 400 km s-1
are too infrequent to be important. Grain destruction in shocks has been
considered by many authors, including Cowie (1978), Shull (1977, 1978), Barlow
(1978a,b,c), Draine and Salpeter (1979), and most recently by Seab and Shull
(1983). These destruction models are relatively independent of the source of
the shock wave, except insofar as the source determines the shock
parameters,

The most important source for destructive shocks is probably supernova
remnant (SNR) blast waves (Draine and Salpeter 1979), with cloud-cloud
collisions being of iesser importance., The shock models can also be applied

to stellar wincd shocks (Castor, McCray, and Weaver 1975), and to Herbig-Haro
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Objects (Dopita 1978; Raymond 1979; Brugel et al. 1982) and pre-main-sequence
outflows in molecular clouds (Shull and Beckwith 1982). It should be noted
that grain destruction within a radiative shock returns certain elements to
the gas phase, where they increase the cooling and alter the structure of the
post~-shock region.

The importance of shock processing during the 1ife of an interstellar
grain can be estimated from the timescale for a typical grain to be hit by a
fast shock, which follows from the supernova rate for the galaxy and the
structure of the ISM. Consider a typical SNR with an expansion velocity of
100 km s7! and a radius of 30 pc. If the mean interval between supernovae is
50 years throughout the galaxy, the shock time for a grain is approximately
the supernova interval divided by the fraction of the galaxy occupied by the
SNR:

tshock = tsnx(Vga1/Vonr)
= (50 yr)[(830 kpc?) (200 pe)/(4 w/3)(30 pc)3] = 7x107 yr

More accurate calculations for the three-phase ISM (McKee and Ostriker
1977) give a time of 108 years for a grain to be hit by a shock 100 km s or
faster, This time should be compared to the several by 109 years calculated
by Dwek and Scalo (1980) for injection of new grains into the ISM. The time
for astration, or destruction by incorporation into stars, is about the same
(Greenberg 1984), Therefore, a typical interstellar grain is hit by 10-20
fast shocks if it Tives long enough for astration. Grains in the less dense
intercloud medium will be hit even more often, on the order of every 107
years. Because of this high frequency of shocks, the properties of the ISM
grain population 4ill be strongly influenced and perhaps determined by the
results of shock processing.

ITI. EVIDENCE FOR SHOCK PROCESSING
The first evidence suggesting that grains are destroyed in shocks came

from the observation (Routly and Spitzer 1952; Siluk and Silk 1974) that high
velocity (20 - 100 km s'l) interstellar clouds exhibit a statistically higher
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Ca II/Na I ratio. Shull, York, and Hobbs (1977) showed that Si and Fe
abundances were also significantly greater in high velocity clouds. These
observations have been interpreted as evidence for shock destruction of Ca,
Fe, and Si atoms in grains by sputtering and grain-collisions (Jura 1976;
Spitzer 1976; Shull 1977). These same shocks are also responsibie for
producing the clouds' observed velocities.

Further abundance studies with the Copernicus satellite (Fig. 1) showed
that clouds with velocities greater than 100 km s-1 appear to have nearly
cosmic abundances of Fe and Si, implying that most of the grain material has
been destroyed. The cloud Doppler velocity provides a lower 1imit on the
actual shock velocity, owing to projection effects and to cloud deceleration
since the time the shock destruction began. These ultraviolet observations
are significant for establishing the link between shocks and grain
destruction, since silicon is commonly believed to be a major component of
grain material (see Mathis review talk in this volume),

There exist two weaker pieces of evidence for grain destruction. The
first is the correlation between theoretical shock-processed UV extinction
curves and IUE satellite observations in lines of sight associated with
supernovae (Seab and Shull 1983). These lines of sight show stronger than
usual 2175 R extinction features and enhanced far-UV extinction rises (Fig.
2). However, other explanations for these trends are possible. Second, Si or
Fe abundance surveys by the Copernicus (Savage and Bohlin 1979) and IUE (Shull
and Van Steenberg 1982, 1985) satellites have uncovered a correlation between
depletion and mean line-of-sight density (Fig. 3). This correlation could
result from preferential grain destruction in the less dense regions or from
grain growth in the more dense regions. Alternatively, the apparent
correlation might simply be a sampling artifact of the ISM cloud structure
(Spitzer 1985). ‘

Nevertheless, most lines of evidence point to significant grain
destruction in high velocity clouds. Each piece of evidence requires a
theoretical understanding of the fate of grains in interstellar shocks.,
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IV. GRAINS IN SHOCKS

a) Shock Structure - Radiative Shocks

The canonical grain-destroying shock modeled by Seab and Shull (1983) is
a Vg = 100 km s‘l, plane-parallel, steady-state radiative shock propagating
into a region of density ng = 10 cm3 and magnetic field B, = 1 1G. Following
a radiative precursor (Shull and Mckee 1979), this gas experiences a
collisionless shock Tayer (Ny < 1014 em™2 for electron-ion equilibration),
followed by a thick (Ny = 5x1018 cm'z, or spatial thickness 1015 cm) post-
shock cooling region. It is in this cooling region that most of the grain
destruction occurs, To 25% accuracy, the theemal gas pressure, nT, is
constant in the downstream region, so that as the temperature falls, the
density rises. Using the Lagrangian formulation, following a parcel of
shocked gas as it flows downstream frém the front, one may convert between
post-shock column density and flow time, Ny = noV.t.

Figure 4 shows the temperature and density structure of a 100 km ™1
shock., Viewed in the frame in which the front is at rést, pre-shock gas of
density ny streams toward the front at velocity Vg. [Immediately behind the
front, the density n jumps to about 4ny, and the gas velocity v relative to
the shock front drops to about 0.25 VS (nv = noVe by mass conservation). The
post-shock temperature T, is determined by the shock's ram pressure, kT¢ =
(3/16)(uv52), and is essentially independent of the pre-shock density or
ambient temperature. For a 100 km s~ 1 shock, Tg = 1.4x10° K. Cooling in this
hot post-shock gas occurs primarily by collisional excitation of resonance
Tines of H, He, carbon and oxygen. The ionizing radiation from this hot zone
affects the shock structure in two ways: (1) for Ve > 110 km s’l, the pre-
shock medium is fully fonized by the radiative precursor; and (2) downstream
absorption of the ionizing radiation extends the hydrogen recombination zone
and creates a plateau in the temperature and density curves. This plateau
occurs at T = 5000-10,000 K, after N, = 1018 cm=2, Finally, at Ny = 5x1018
cm“z, the jonizing radiation is nearly absorbed, and the temperature is cooled
below a few hundred degrees by collisional excitation of infrared fine
structure lines of C I1 (158 wm), O I (63 wm), and Si II (34.8 um).
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b) Grain Motion in Radiative Shocks

The large inertia of dust grains ensures that they will flow unimpeded
through the thin collisionless shock and into the hot’post-shock gas. Because
the grains are charged, they gyrate in the magnetic field. At the shock front,
a grain's pre-shock velocity of Ve relative to the front is converted into a
gyromotion of 0.75V. about a guiding center drift of 0.25Vg. The details of
the grain motions are determined by the electric field generated by the plasma
flow through the magnetic field and by the thermal charging of the grains --
see Shull (1977, 1978). As the magnetic field is compressed downstream
together with the plasma, grains are betatron accelerated to higher
gyrovelocities by conservation of their magnetic moments, while their guiding
center motion is locked to the gas flow. Plasma coulomb and collisional drag
forces decelerate the grains; these forces are more effective on small grains,
owing to their larger area-to-volume ratios,

Model results show that the large (0.25 um radius) grains can reach

gyrovelocities of about 2V., or 200 km s~} for the canonical shock. The

S!
gyromotions of the smallest (<0.01 um) grains are damped out early in the
post-shock layer before reaching the strong cooling zone. Small grains are
thus not betatron accelerated to high velocities. Figure 5 shows

representative gyrovelocities for large and small grains of different types.

¢) Grain Destruction Mechanisms

Large grains gyrating at over 100 km ™1 bump into things frequently.
Collisions with He nuclei at 100 km s~} carry collision energies of 200 eV,
whereas sputtering thresholds for silicates are around 23 eV. The sputtering
erodes away the outer layers of large grains, but leaves the inner cores
intact. This sputtering is non-thermal, since it is driven by the velocity of
the grains striking the He-.nuclei. Sputtering by H nuclei is much less
efficient, contributing only about 10% of the total. In shocks below 200 km
s'l, sputtering due to the thermal velocities of H and He is insignificant,

A collision between two grains of comparable size at 100 km s~1
velocities will probabiy vaporize both grains, including their cores. Some

fragmentation might occur, but the importance of the fragmentation process is
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limited by the requirement of matching the observed gas-phase abundances in
Fig., 1. Vaporization in grain-grain collisions is dominated by large grains
striking medium-sized grains, which are favored because they are more abundant
(Mathis, Rumpl, and Nordsieck 1977 -- hereafter MRN). The threshold energies
in the center-of-mass frame prevent collisions with the smallest grains from
vaporizing large grains.

Shock models (Seab and Shull 1983) show that about 50% of the grain
material can be returned to the gas phase in a 100 km s™! diffuse cioud shock,
in general agreement with Draine and Sé]peter (1979) and Shull (1978). The
Seab-Shull results are an improvement over the earlier work since they use a
full MRN size and composition distribution to calculate grain-grain collision
effects, and because their code allows the snock's cooling structure to be
affected by the heavy elements released by grain destruction.

The principal destruction mechanisms in steady-state radiative shocks
depend primarily on the betatron acceleration of the grains, and are therefore
more effective for large grains. Small grains survive these shocks, but they
are preferentially destroyed by thermal sputtering in fast adiabatic shocks,

d) Grain Destruction in Adiabatic Shocks

Shocks with Vg > 200 km s~! cannot be treated with the steady-state
radjative shock models discussed above. The cooling time for these shocks
usually exceeds the expansion time, RS/VS, of the generating SNR, so that the
time-dependent pressure drop of the expanding remnant must be considered. The
effect of the pressure drop is to partially suppress the betatron acceleration
of grains, 1Instead, thermal sputtering in the >1O6 K post-shock gas becomes
the dominant grain destruction mechanism, as the thermal energy of the shocked
gas increases above the sputtering threshold. Grains up to several 100 A size
that survive slower shocks will be destroyed in these fast shocks.

e) Timescales for Grain Destruction

Calculating galactic averages for shock destruction rates is a formidable
problem. It involves modeling the occurrence and evolution of supernova blast
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waves and cloud-cloud collisions in the galaxy, together with models for the
ISM structure and grain destruction fractions in shocks. Several authors have
attempted this sort of modeling. Dwek and Scalo (1980) find grain lifetimes
of 10° years, somewhat less than their injection rates of new grains into the
ISM. They conclude that heavy element depletions greater than 30% can only
explained by grain accretion processes in the ISM. Draine and Salpeter (1979)
obtain lifetimes nearer 108 years, which makes the requirement of in situ
grain growth even stronger. Greenberg (1984) suggests a scenario'for grain
evolution in the galaxy, but he underestimates the effectiveness of shock
destruction.

Seab, Hollenbach, McKee, and Tielens (see abstract, this volume) have
undertaken a thorough analysis of the grain history and life cycle in the
galaxy. Their preliminary results indicate grain lifetimes slightly over
5x108 years, nearly independent of size. Further work may modify this figure,
particularly for the large grains.,

These grain lifetimes present a problem for silicon depletion, since Si
is a major grain constituent which is about 90% depleted in the diffuse ISM
(Fig..3). Since grain injection times are about 10° years, such large
depletions would seem to require grain lifetimes of 1010 years, Three
possible explanations for the discrepancy are: (1) grain injection rates are
an order of magnitude larger, contrary to observations of the occurrence of
supernovae and mass-loss in red giant winds; (2) grain destruction rates are
an order of magnitude lower, which seems unlikely at this time; or (3) much
of the observed grain mass is formed by some process in the ISM itself, As an
example of the last process, we will next discuss grain growth in shocks.

V. GRAIN GROWTH IN SHOCKS

The standard sources for new grains in the ISM are: red giant winds,
planetary nebulae, novae, and .possibly protostellar nebulae or supernova
ejecta., 1If grains form efficiently in supernova ejecta, then this source
dominates red giant winds by a factor of three, with the other sources being
less importanf (Dwek and Scalo 1980). As discussed above, the total injection
rates from these sources are inadequate to explain the 90% depletion of Si in
the diffuse ISM, given the current best estimate for destruction rates.
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Grain growth behind shocks is a speculative field, since there is little
data supporting such growth., It is difficult observationally to distinguish
newly-grown grain material in a shock from grains swept up from the ambient
medium (Dwek et al. 1983). Meyers et al. (1985) present data suggesting that
some grain growth has occurred behind a 10 km s~ shock towards z Oph;
however the difficulty of the observation prevents their conclusions from
being compelling.

Grain growth is more likely in low velocity (VS < 30 km 5'1) shocks that
are inefficient at grain destruction. In fast shocks, the grain velocities
are well over sputtering thresholds, and the net effect will be to sputter
away rather than add to grain surfaces. It is unlikely that the grains will
sweep up much new material after they slow below sputtering thresholds. The
plasma coulomb drag peaks when the grain velocity is comparable to the proton
thermal velocity, and the gyration of the grain siows rapidly once it drops
below its betatron-accelerated peak. However, even in fast shocks, grain
growth may occur in the cool dense regions far downstream from the front.

A chemical question arises in this context. Approximately 10? hydrogen
atoms will strike the grain surface for each atom of a refractory element, It
is possible that this much H could inhibit grain growth by occupying all the
available binding sites before a heavy element could stick. On the other
hand, H, formation on grain surfaces could provide a "safety valve", or the
jonization state of the heavy elements (C II, Si II, Fe II) and the grain
charge could complicate the gas-grain interactions. Evidently further
laboratory and theoretical work is needed on these questions.

Two scenarios have been proposed in which grains could form or grow
behind fast shocks., The first occurs when a fast shock impinges on a dense
cloud., The shock will decelerate quickly, so that the steady state shock
destruction rates do not apply. Elmegreen (1981) calculates that the relative
forward drift of grains can equilibrate with the deceleration of the shock to
maintain part of the grain population at a fixed position behind the shock
front where growth is possibie. He suggests that centimeter sized grains can
grow behind SNR shocks and potentially accumulate enough of the ejecta
material to explain the isotopic anomalies observed in connection with
interplanetary grains (see Kerridge review in this volume). Alternatively,

Dwek has suggested that grains can nucleate and grow in dense clumps of
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supernova ejecta plowing through a less dense ambient medium. Such newly
formed grains will be protected by the density of the clump from destruction
by the initial SNR blast wave or from reverse shocks,

These two growth mechanisms can potentially explain the observed isotopic
anomalies in meteorites, provided that at least some grains survive long
enough in the ISM for incorporation into the solar system. However, none of
these growth mechanisms is likely to compensate for the large destruction
rates calculated for radiative and adiabatic shocks. Unless substantial
changes are made in the grain injection or-destruction rates, then a new grain
growth mechanism must be found. The best candidate may be grain growth in
dark interstellar clouds (Draine 1984),

VI. CONCLUSION

Shock processing plays an important role in the T1ife of a typical
interstellar grain. Shocks of 100 km s=1 or greater can destroy about 50% of
the grain material under appropriate pre-shock conditions of density and
magnetic field. The destruction occurs by grain-grain collisions and non-
thermal sputtering for steady-state radiative shocks (30 < Vg < 200 km s'l)
and by thermal sputtering for fast adiabatic shocks (V¢ > 200 km 5'1)0

The evaluation of the lifetime of grains against shock destruction
depends on models of the ISM structure and on SNR evolution, Results from
various authors give lifetimes between 108 and 10° yedrs, compared to typical
injection times for new grains of a few times 109 years, These numbers
require that a major portion of the interstellar silicon bearing grain
material must be formed by grain growth in the ISM. At the same time, the
presence of isotopic anomalies in some meteorites implies that at least some
grains must survive from their formation in SNRs or red giant winds through
incorporation into the solar system. These requirements are not necessarily
incompatible.
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FIGURE CAPTIONS

Depletion of Si as a function of cloud radial velocity, compiled by
Cowie (1978). The solid, dashed, and dotted curves show theoretical

depletion curves from various authors,

Normalized E( A-V)/E(B-V) selective extinction curves towards stars
associated with SNRs (Seab and Shull 1983), compared to the
"standard" interstellar curve of Savage and Mathis (1979). The stars
HD 48099 and HD 48434 are near the Mon Loop SNR, while HD 72350 and
HD 75821 are in the Vela SNR.

Depletion correlations of interstellar Si and Fe from a preliminary
sample of an IUE abundance survey (Shull and Van Steenberg 1982,
1985). Note the increased depletion, log 6, in lines of sight with
higher mean density, N(Hiq¢)/T.

Temperature and density structure for a shock with Vg

100 km s71,
pre-shock density ny = 10 cm‘3, and magnetic field B, 1 5. Behind

this shock, the thermal pressure, nT, is nearly constant, and the

2

column density Ny = ngV t in cm™ < is a factor of 108 greater than the

time t in seconds.

Grain velocities behind a 100 km s~} shock (Seab and Shull 1983)
for two grain sizes and for both silicate and graphite composition.
The large grains (0.25 m) experience betatron acceleration and
reach large velocities, while the small grains (0.01 mm) slow

down rapidly by collisional and plasma coulomb drag.
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‘\ LABORATORY STUDIES OF INTERPLANETARY DUST

I. INTRODUCTION

Interplanetary dust particles collected in three different ways are now available for
laboratory study. Impact collectors flown on aircraft sampling the stratosphere have provided
the most important source of (more or less) unaltered interplanetary dust material [t]. Larger
cosmic particles have been recovered from sediments, both from the sea (2], and, most recently,
from temporary glacial lakes in Greenland [3]. Finally, debris samples from impacting
interplanetary particles have also been collected in experiments flown in earth orbit and
returned to earth {4, 5, and 6b].*

This brief review treats only the analysis of dust particles collected in the stratosphere.
These particles are the best available samples of interplanetary dust and have been studied
using a variety of analytical techniques. The particles are systematically collected and curated
by a group at the Johnson Space Center, Houston. Catalogs of the collections have been
published and individual particles are made available to qualified investigators on request [8].

The stratospheric dust particles have been called by a variety of names (including the
deserved description as "Brownlee particles”) and a word about nomenclature is in order. In
what follows, stratospheric particles whose major element compositions are similar to those of
chondritic meteorites, are referred to as "interplanetary dust particles or IDPs.” Some particles
in this chemical class are demonstrably extraterrestrial. To facilitate discussion, certain IDPs
have also been given individual names, e.g. Calrissian, Skywalker, etc. Particles in other
chemical classes are not treated in this paper. Although some of them may be extraterrestrial,
both man-made and natural contaminants are abundant in the non-chondritic chemical classes.

For a more complete view of IDPs and other cosmic dust particles the reader is referred to
two reviews [9,10].

The following questions are addressed in this workshop paper:
t. s it certain that chondritic stratospheric dust particles are extraterrestrial?

2. What are the general physical, chemical, mineralogical, isotopic and infrared properties of
IDPs?

3. How do IDPs compare with other extraterrestrial materials, specifically unequilibrated
meteorites and comet dust?

4. Do IDPs consist of primitive and/or primordial matter?

w2}

Is there any relationship between IDPs and interstellar matter?

Can the study ol IDPs contribute to the understanding of basic astrophysical problems?
e.g.. the conditions under which solids form in space?

Some of these questions have clear answers, others not. Nor, are the questions independent
of each other.

*In fact, there is currently a spacecraft that has been in near-earth orbit since April of 1981 (the
Long Duration Exposure Facility - LDEF 1), which has several dust collection experiments on
board. Originally scheduled to return to earth in March of 19835, the recovery has now been de-
layed. Just in the last few weeks, portions of a thermal blanket returned by astronauts from the
Solar Max Repair Mission have been found to contain impacts of likely extraterrestrial origin [6b}.
This impact debris material will shortly be made available for general scientific study {7].
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II. ISIT CERTAIN THAT CHONDRITIC STRATOSPHERIC DUST
PARTICLES ARE EXTRATERRESTRIAL?

Yes. lHowever, many early studies of purported interplanetary dust particles were
erroneous, and it is useful to review the evidence bearing on this fundamental point.*

The simplest proof that IDPs are extraterrestrial is the recent observation of large densities
of fossil nuclear particle tracks in silicate crystals contained within IDPs [12]. Massive nuclear
particles (Z > 20) are needed to produce tracks in silicates. In the terrestrial environment the
only natural source of such nuclear particles is the spontaneous fission of 2‘;8U, and even in old
terrestrial samples, fission track densities are low in silicates. In contrast, samples of
extraterrestrial silicates, such as lunar soil grains, typically show high track densities produced
by energetic heavy nuclei from the sun and by galactic cosmic rays {a complete discussion of
fossil nuclear tracks is given in Reference 13].

The extraterrestrial origin of IDPs had been firmly established even before the recent track
observations. lon probe measurements demonstrated that some IDPs are highly enriched in
deuterium relative to hydrogen compared to terrestrial samples [14a]. Still earlier measurements
[15,16] showed that the particles possessed nonterrestrial abundances and compositions of noble
gases. The fact that IDPs are chondritic in composition is strong evidence in itself of an
extraterrestrial origin.

Although the presence of tracks or a large D/H anomaly ean be considered as proof that a
particular dust particle has resided in interplanetary space, the absence of these effects does not
preclude an extraterrestrial origin. It is thus impossible to be certain that all particles labelled
IDPs are micrometeorites; however, this is a plausible working hypothesis.

«An excellent deseription of the early confused state-of-affairs is given by Hodge in his recent book
111 At one point. there was general agreement between a priori estimates of interplanetary dust
influx. particle collections performed with high altitude balloons. and data from electronic detectors
in space. Unfortunately, these were all in error by a very lurge factor. Interpianetary dust collec-
tion proved a more formidable probiem thuan early investigators realized.
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ol. WHAT ARE THE PHYSICAL, MINERALOGICAL, ISOTOPIC
AND INFRARED PROPERTIES OF IDPs?

IDPs are an extremely diverse set of objects. It is beyond the scope of this paper to
describe all the observations that have been made. The general kinds of measurements that are
possible will be briefly described and some particular features will be highlighted.

In spite of their small masses (~ 10® to 10710 gms) it has proven possible to develop a
variety of techniques for studying individual particles. Initial examination in a scanning
electron microscope (SEM) equipped with an X-ray detection system (EDX) reveals the
morphologies and major element compositions. Particles can then be individually weighed and
their densities determined, although this has been done in only a few cases [17]. More typically,
a particle is crushed or otherwise dispersed and parts of it are transferred to an electron
microscope grid where detailed measurements of structures and mineralogies can be made by
transmission electron microscopy (TEM)[18a-q]. The bulk of the crushed particle can be
transferred to a KBr crystal for measurement of its infrared transmission spectrum [19]. If the
particle is subsequently mounted on a gold substrate isotopic measurements on different parts of
a particle are possible using an ion probe [14a-d]. Alternatively, the particle can be totally
consumed in a thermal ionization source mass spectrometer to obtain precision isotopic
measurements of several selected elements, or an ensemble of particles can be vaporized in a
noble gas mass spectrometer to obtain elemental and isotopic information on noble gases [15,16].
Micro-Raman techniques have been used to establish the presence of "disordered graphite” in at
least one particle [34] and Auger spectroscopy has been used on two non-chondritic stratospheric
dust particles to look for evidence of surface contamination due to interaction with atmospheric
aerosols (35].

Most measurements have been reported by groups specializing in one kind of
instrumentation or another, and in only a few cases have the same particles been studied by a
variety of techniques. Increasingly, however, sequential or parallel measurements of different
types are being made on single particles.

Many IDPs consist of extremely porous aggregates with a typical "cluster of grapes”
morphology [9]. Indeed, the erroneous belief has arisen that all IDPs consist of low density,
fluffy materials. This is not true. Although all IDPs consist of aggregates of material in the
sense that they are not fragments of an igneous rock or pieces of a melt droplet, many are quite
compact and have densities of ~2 gms/cms or higher [17].

Detailed measurements of the mineralogies and structures of about two dozen particles
have been reported [18a-q|. Some particles consist of collections of small anhydrous crystalline
grains which are imbedded in an amorphous carbonaceous material. The proportion of
amorphous material is highly variable from one particle to the next. The minerals olivine and
pyroxene are common, as are magnetite and sulfides of different types. The proportions of
different mineral phases vary from particle to particle as do the morphologies and compositions
of a given mineral type. Microchondrules, flattened where they are in contact with one another,
have been observed, as have lath-like whiskers of pyroxene. Still another large class of particles
contain phyllosilicates and give evidence of interaction with water.

A first order result of these studies is that different particles have qualitatively different
assemblages of minerals. 1DPs cannot be lumped together as a single class of objects; they must
be studied individually.

Although infrared transmissicn measurements were undertaken to provide data that could
be compared with astronomical observations, they have also provided a relatively quick means
of measuring the dominant silicate mineralogy of whole IDPs. Most IDPs fall into one of three
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IR spectral classes called "olivine,” "pyroxene,” or "layer lattice silicate™ from the similarity of
the 10 um features with those of terrestrial mineral standards [19]. Complementary detailed
TEM measurements on several particles in the different spectral classes confirm the IR
designations. However, the detailed structures seen in the TEM are different for particles in the
same spectral class, underlining the importance of treating IDPs as individual objects.

IR spectroscopy can also be used to locate particles with unusual mineralogies. For
example, Calrissian, a particle in the layer lattice silicate class, has an atypically strong
absorption at 6.8 pum and an accompanying weaker absorption at 11.4 um. These spectral
features were interpreted as evidence for carbonates [19] and subsequent TEM measurements
have confirmed the presence of numerous grains of Fe and Mg carbonate [18m)].

Ion probe isotopic measurements show large, but variable deuterium enrichments in 5 of 8
IDPs measured to date [14]. Maximum enrichments of ~250% are seen. In particles with
deuterium enhancements the D/H values are variable on the scale of a few microns. Correlation
of the isotopic signatures with other ion signals indicate that the deuterium excess is associated
with C but not with OH [14b]. In contrast, carbon isotopic ratios are found to be constant from
one part of a particle to the next although differences between particles are found [14¢]. Both
Mg and Si give constant isotopic ratios consistent with terrestrial values in three particles {14c].
Earlier, higher precision measurements on several IDPs made using a thermal ionization source

mass spectrometer indicated the possible presence of Mg isotopic anomalies at the level of up to
0.4% [20]. ‘
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IV. HOW DO IDPs COMPARE WITH METEORITES AND COMETS?

Similar in some ways, apparently different in others. Consider first the comparison of IDPs
with the fine-grained matrix material of unequilibrated meteorites. The question that
dominated the original studies of IDPs was whether they were simply smaller versions of the
larger, better known carbonaceous meteorites. No fragments resembling the porous, fluffy IDPs
have yet been found in meteorites. It quickly became evident that IDPs were a unique form of
extraterrestrial material, different from carbonaceous chondrites and deserving of detailed study
in their own right. Moreover, there are distinctive differences in the detailed mineralogies seen
in both porous and compact IDPs and the mineralogies observed in meteorites. For example,
although CM carbonaceous chondrites and one IR class of IDPs have similar IR spectra
dominated by phyllosilicates, the detailed structures of the phyllosilicates are different [18h].

Given the initial question, most authors have emphasized the differences between IDPs and
meteorites. Yet there are strong similarities e.g.: the deuterium enrichments seen in IDPs, acid
residues of carbonaceous meteorites, and matrix materials from some unequilibrated chondrites.
It is not clear whether the differences between IDPs and meteorites are fundamental or whether
they represent differences in degree, rather than in kind. It must be remembered that
meteorites represent a subset of objects that survive atmospheric entry. There may be large
objects, consisting of assemblages of material similar to IDPs, that never reach earth because of
their fragility.

At this point it would appear prudent to reserve judgement on the relationship between
IDPs and meteorites and treat them as related parts of the same larger puzzle.

Whether true or not, there is a widely held beliel, based largely on mass balance
arguments, that interplanetary dust is composed primarily of comet dust [23]. It is also believed
by many that comets consist largely of primordial material. Direct comparison of IDPs with
cometary material suffers from the obvious problem that no one has yet mounted a space
mission to return a comet sample.

In the absence of a returned comet sample, the only direct comparison between IDPs and
comet dust is based on their optical properties [19]. The best astronomical observations in the
infrared are those for Comet Kohoutek where the spectral emission properties of the dust have
been obtained from deconvolution of the observational data using an assumed black body
spectrum [36]. Comparison with the spectral transmission data for IDPs shows that none of the
spectral classes of the particles gives a good match to the comet result. However, a composite
spectrum consisting of equal contributions from the pyroxene and layer-lattice silicate classes
gives a reasonable match. The olivine spectral class gives the worst fit and it appears unlikely
that many particles in this class (some of which are known to be extraterrestrial) are present in
Comet Kohoutek.

The present results therefore suggest either that the olivine component of interplanetary
dust is not derived from comets or that Comet Kohoutek is not representative of all comets.
The olivine class of particles may also be over represented in the limited population of particles
(a total of 26) so far measured. These possibilities are obviously not mutually exclusive.

Spectral matching is not a very satisfactory way to approach the question of the
relationship between IDPs and comets since even a perfect spectral match would not guarantee
that IDPs came from comets. The main thing in its favor is that it is currently the only way to
attack the problem.

Apart from obtaining additional, sorely needed spectral data on both comet dust and IDPs,
there are several experimental approaches to solving the IDP-comet comparison problem. It has

60



long been known that most meteor showers have orbits that link them directly with specific
comets. Collection and analysis of material from a meteor shower would be a major
accomplishment, and a joint Franco-Soviet space experiment which will attempt to collect
impact debris from particles associated with the comet Giacobini-Zinner is currently in progress
(24].

As discussed more fully elsewhere [25], another important approach would be to construct
a space instrument that would measure the orbital parameters of individual particles whose
impact debris atoms would be analyzed upon return to the laboratory. Interstellar grains
traversing the solar system conceivably could also be located and measured with such an
instrument.

Comet rendezvous missions performing sophisticated in situ measurements on dust grains
would also help settle the question. And, of course, a sample return mission to a comet would
be invaluable.

Scientific interest in IDPs would likely be enhanced if comet samples proved to contain
particles of a similar nature. At best, space missions can sample only a few comets in the
foreseeable future. If IDPs do indeed come predominantly from comets they are samples of
many different objects; further, their heterogeneity shows that they contain a record of a varicty
of processes.
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V. DO IDPs CONSIST OF PRIMITIVE AND/OR PRIMORDIAL MATTER?

Yes and maybe. No generaliy accepted criteria exist to classify material as either primitive
or primordial. For the purposes of this paper, primitive matter is defined as material which has
isotopic struct ures different from those in "average solar system material” and of a nature that
cannot be explained by known processes such as spallation reactions by cosmic rays during
exposure in interplanetary space. The implication is that primitive materials can be used to
obtain information about conditions in the early solar system.

Primordial matter can be defined as (more or less) unaltered material thut existed in the
(presumed) gas-dust cloud that existed the prior to the present solar system i.e.: interstellar
dust. Certain authors have interpreted isotopic data as indicating the presence of such material
in meteorites [21]. However, the evidence is circumstantial; no one to date has isolated specific
meteoritic grains that have been definitively identified as unaltered interstellar material.

One of the most intriguing of the many isotopic anomalies that have been discovered in
meteorites in recent years in the case of Ne-E. This component of Ne consxsts almost
exclusively of Ne [22]. A plausible explanatnon of Ne-E is that live >>Na was incorporated into
solid grains where it subsequently decayed into >’Ne. Preservation of the isotopic signature
would require that the solid carrier phases were never heated to the point where they totally
degassed. Thus they might still be present in recognizable form. However, it remains to be
proven that this is the case.

Primordial matter may well exist in both meteorites and IDPs. However, it may be more
dilficult to identify such material in IDPs simply because of their small sizes. More detailed
studies using improved analytical techniques and working with larger IDPs (a program to collect
larger stratospheric dust particles is currently in progress) will help address this question. Other
aspects of the relationship of IDPs to interstellar matter are treated in the next section.

62




V1. IS THERE ANY RELATIONSHIP BETWEEN IDPs
AND INTERSTELLAR MATTER?

Maybe, maybe not. The most plausible place to look for such links is in dense gas-dust
clouds containing strong infrared sources that have been interpreted as protostars. A
comparison of the IR absorption features of the protostar W33A with the spectrum of a typical
IDP of the layer lattice silicate class shows certain common features. Present in both spectra
are features at 3um, 6.8 gm and 10 pum. The dominant 3um feature in W33A has been
attributed to water ice, a constituent that cannot be present in IDPs where the weaker 3um
feature is attributable to water incorporated in a layered silicate structure. The 10 um feature
seen in both spectra is likely due to silicates.

In the IDPs the 6.8 um feature is certainly primarily due to carbonate minerals, although a
smaller contribution from other phases cannot be ruled out at this time. It is an open question
whether carbonates are also responsible for the ubiquitous 6.8 um feature seen in W33A, and
other protostellar objects. Such a possibility was originally suggested based on a comparison of
the IR spectrum of the meteorite Murchison with protostellar spectra [26]. However, the
absence of an expected accompanying carbonate feature at > 25 pm [27] was also noted. In
principle, the presence of carbonate minerals in protostellar sources can be settled by additional
astronomical measurements.

Another possible connection between IDPs and interstellar cloud material is provided by
the deuterium results. Radio observations show that simple molecules such as HCN can be
greatly enriched in deuterium in cold interstellar clouds [28a,b]. If interstellar grains are partly
composed of complex organic molecules built up from simple molecules by processes such as
photolysis [29], it is plausible that the complex molecules would reflect the deuterium
enrichments present in the simple precursor molecules. The large deuterium enrichments seen in
IDPs (and in certain extracts from unequilibrated meteorites) could be due to such deuterated
interstellar material [30).

Although it is useful to consider points of contact between IDPs and interstellar material,
it is equally important to consider what has not been observed. The depletions of certain
clements (e.g.: Al and Ca) in the interstellar gas phase have led to the view that interstellar
grains in clouds should consist in part of refractory cores [31]. No such refractory cores have
yet been reported in IDPs, although fassaite, a common constituent of calcium aluminum rich
refractory inclusions in meteorites has been recently found in one IDP [18k]|.

That grains with the properties expected for interstellar material have not yet been
reported in IDPs, does not necessarily mean that such material is not present. Perhaps the
problem is one of concentration and scale. Most of the astronomical observations relate to
particles of ~0.1um or less. While grains of this size are routinely measured in electron
diffraction studies of IDPs, detailed TEM measurements tend to be made on the largest sub-
grains, on those which have euhedral external morphologies, and those which, by definition, give
the strongest electron diffraction signals. Many sub-grains of the kind inferred from
astronomical measurements could be present as constituents of modest crystallinity without
having been singled out in the experimental studies done to date.
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VII. CAN THE STUDY OF IDPs CONTRIBUTE TO THE UNDERSTANDING OF
BASIC ASTROPHYSICAL PROBLEMS?

Probably - especially on the question of the formation of solids in space. Wherever and
whenever the various components of IDPs were formed, several lines of evidence indicate that
vapor-solid processes were important. Crystal morphologies unlike those found in terrestrial,
lunar, or meteoritic rocks are a common feature in IDPs. Specifically, in flufly, anhydrous
particles the mineral pyroxene is observed to occur in the form of whiskers (rods and ribbons)
and very thin platelets. The presence of axial screw dislocations and absence of extensive
twinning have been used to argue that the crystals were formed by direct vapor phase
condensation [18e]. It is interesting that the results of laboratory experiments on crystal growth
served to predict the presence of the observed morphologies prior to their observation in nature
[32].

Mineralogical and morphological features found in other anhydrous porous aggregates have
been interpreted as evidence for the formation of carbon compounds by heterogeneous catalytic
reduction of carbon-rich gases [18f, 18g]. Carbonaceous mantles filaments and fine-grained
matrix material are found intermixed with Fe-Ni grains and Fe-Ni carbides of several types,
notably hexagonal e-carbide. Similar phases are characteristic by-products of the laboratory
decomposition of CO by fine metal particles. Such catalytic processes are widely used
industrially with an important subset being the Fischer-Tropsch reactions. Based largely on the
observed distribution of molecular weights of extracted hydrocarbons, such processes had been
previously proposed as a mechanism for the formation of organic compounds in meteorites {33].

Although these results are intriguing, the lack of detailed knowledge of the kinetics of
catalytic reactions in plausible astrophysical environments currently limits the constraints that
can be put on the physical conditions under which the observed structures were formed.

Although olivine and pyroxene platelets have been more commonly observed in anhydrous
particles, they also occur in IDPs of the hydrated silicate type. In one case, a phyllosilicate
crystal is observed in intimate association with a pyroxene crystal suggesting that phyliosilicates
are produced by aqueous alteration of pyroxenes [18-k]. Whether this was a liquid or vapor
reaction is not clear. It has also been suggested that the carbonates observed in layer-lattice
silicate IDPs may have been formed by catalytic reaction with silicates and magnetite in a
cooling gas [18&m].

The ensemble of these mineralogical studies, coupled with the fact that many of the
particles possess anomalous deuterium abundances, suggest that IPDs contain a record of
processes going on early in the history of the solar system, or possibly, before.
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VIII. CONCLUDING REMARKS

IDPs are a unique form of primitive extraterrestrial material. Their systematic study is
less than a decade old. In spite of the formidable experimental problems in working with
particles that are too small to be seen with the naked eye, it has proven possible to obtain
considerable information concerning their properties and possible origins. Like any new field,
there are many unanswered questions. Continued work by a growing number of investigators,
using ever more sophisticated analytic techniques, can be expected to give continued progress
and almost certainly to produce some surprises.
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Introduction

"Primordial” 1is a term which we apply here to material that entered the
solar system early and became incorporated into a meteorite without totally
losing its identity. Tdentification of such material surviving in meteorites
has so far been solely through recognition of anomalous isotopic compositions
of generally macroscopic entities (e.g. inclusions) contained within those
meteorites. Those entities are inferred to have incorporated some fraction of
primordial particles but the particles themselves may well have been altered
beyond present recognition. In the majority of cases, the actual primordial
particles have not, in fact, been conVincingly identified. In some cases the
primordial material was a gas which escaped homogenization with protosolar gas

and whose isotopic composition was inherited by a surviving solid phase.

The search for primordial material is therefore the search for isotopic
anomalies in meteorites. Isotopic anomalies are, by definition, 1isotopic
compositions which differ from the canonical "solar system abundances”™ in ways
which cannot be explained in terms of local (i.e. solar system) processes such
as mass-—dependent fractionation, cosmic-ray-induced spallation or decay of

radionuclides.

A comprehensive account of isotopic anomalies is impractical here, so it
is necessary to be selective. A useful approach seems to be to focus on
issues which are potentially addressable through the study of such primordial
material. Those issues will be illustrated with specific, but not exhaustive,

examples.,



Note: Many of the extant anomalies were not originally sought as such but
emerged in the course of other investigations. Also, in addition to recogniz-—
ing an anomaly and identifying, where possible, its host phase, it is general-
ly necessary to consider possible perturbation of the record by secondary
alteration processes and to assess the possibility of the isotopic effect
having been produced by a purely local process.

Carbonaceous Chondrites

Most isotopic anomalies observed so far have been found in meteorites
known as carbonaceous chondrites. The chemical compositions of those meteor-—
ites are minimally altered away from our best estimate of "solar system
elemental abundances” [Anders and Ebihara, 1982]. The idea has therefore
developed that many of the lithic constituents of those meteorites are them-—
selves more or less pristine surviving nebular condensates. (The meteoritic
record is generally interpreted in terms of an initially hot and vaporized
inner solar system which subsequently cooled permitting nucleation and growth
of solid particles that eventually accreted into planetesimals, the meteorite
parent bodies, currently identifiable as asteroids.) However, for relatively
few of the macroscopic constituents of carbonaceous chondrites is identifica-
tion as a pristine nebular condensate convincing, the evidence seeming in most

cases to favor a relatively complex evolution.

Carbonaceous chondrites are, in fact, breccias, i.e. disequilibrium mix-
tures of lithic, and organic, components which may have experienced a variety

of primary and secondary processing, such as aqueous alteration and/or thermal
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metamorphism, prior to finmal compaction in their parent body regoliths
[Kerridge and Bunch, 1979; McSwéen, 1979; Bunch and Chang, 1980]. Coexistence
now of two entities in such a meteorite is no guarantee of any common history

before final compaction.

Crystallization of several mineral phases in carbonaceous choﬁdrites,
including some formed by aqueous alteration, occurred very close to solar
system formation at 4.55Gy ago [Gray et al., 1973; Tatsumoto et al., 1976;
Macdougall et al., 1984]. Compaction of carbonaceous chondrites into their
current configuration apparently took place over an interval from 4.5 to 4.3Gy

ago [Macdougall and Kothari, 1976].

We now consider five issues which may be studied via isotopic anomalies in

carbonaceous chondrites.

Nebular Inhomogeneity

This issue 1is addressed using the isotopic composition of oxygen and.
titanium in certain types of meteorite, their inclusions and minerals. Oxygen
data for a suite of calcium—aluminum-rich inclusions (CAIs, described below)
from the Allende meteorite are shown in Figure | [Clayton et al., 1985].
Mass~dependent fractionation, as in most chemical and physical processes,
acting on nominally "solar system” oxygen can only genefate isotopic composi-
tions which lie along the dashed line with a slope close to 0.52 [Matsuhisa et
al., 1978]. Therefore, deviation of the CAI data from that line constitutes

evidence for 1isotopic inhomogeneity in the solar system at the time these
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meteoritic samples achieved their present composition. Before showing that
these data imply existence of at least three isotopically distinct reservoirs
of oxygen in the early solar system, two of them gaseous, we must briefly

describe the CAIs, in which so many isotopic anomalies have been observed.

Calcium-Aluminum—-rich Inclusions

CAIs are light-colored mm— to cm—sized inclusions embedded in the dark,
volatile-rich matrix of certain carbonaceous chondrites. They are enriched in
elements, such as Ca, Al, Ti and the Rare Earths, which are believed to have
behaved as refractory lithophiles in the early solar system [Grossman, 1980].
For several years they were interpreted as some of the earliest material to
have condensed during cooling of an initially vaporized solar nebula [e.g.
Grossman and Larimer, 1974]. More recent work, however, has indicated greater
complexity than an origin by simply equilibriﬁm condensation from a gas of
solar composition [e.g. Wark and Lovering, 1982; Stolper, 1982; Meeker et al.,

1983; Kornacki and Wood, 1984; Clayton et al., 1985].

The CAT oxygen data define a trend which can only be produced by either
non-mass—dependent fractionation (discussed later) or mixing of nucleogeneti-
cally distinect reservoirs (the currently preferred interpretation). That
mixing is most likely to have been caused by isotope exchange bhetween
inclusion material and an external gaseous reservoir characterized by a dif-
ferent isoFopic composition. The individual minerals within a CAT frequently
exhibit a spréad in isotopic values even greater than that of the inclusions

themselves, see Figure 2a. Minerals such as melilite, which are known to
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exchange oxygen readily with a gas, are found to be 16O-—poor relative to
those, such as pyroxene or spinel, which are more resistant to exchange.
Exchange is therefore inferred to have been between an 16O—rich solid and an
16O—depleted gas, as illustrated in Figure 2b. The locations of the end-

members along the trend line are inferred from various lines of evidence

[Clayton et al., 1985].

In contrast to oxygen, the major cations, silicon, magnesium and calcium,
in CAIs reveal evidence for mass—-dependent fractionation [Niederer and
Papanastassiou, 1984; Clayton et al., 1985], as illustrated in Figure 3 for
Si. The fractionation trends for the different elements do not generally
correlate and imply a complex series of evaporation and/or condensation
episodes during the evolution of the CAIs. Those episodes must have disturbed
the oxygen isotopic composition, and therefore presumably preceded the isotope
exchange episode, described above, because oxygen currently shows no evidence
160

for such mass-fractionation. Thus, it seems likely that the prevalent
rich solid, identified above, was produced by exchange with the ambient gas
during the evaporation/condensation episodes. At the high temperature implied
by the cation fractionation, close approach to the isotopic composition of the
gas seems likely so that existence of a gaseous reservoir close to that marked

1 in Figure 2b seems probable [Clayton et al., 1985].

In addition to the two gaseous reservoirs implied by the CAI data, one
further reservoir, apparently a solid phase, may be inferred from the oxygen
data for chondrules from primitive meteorites. Chondrules are spheroidal

particles, generally polymineralic and with diameters usually in the range a
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tenth to one mm, which are prevalent in most chondritic meteorites. Their
textures reveal that they were at least partially molten and their composi-
tions show that their precursor materials had experienced little, if any,
elemental fractionation from solar abundances for the condensible elements.
Although the exact heating mechanism is still unclear, it is generally
believed that chondrules were made by localized melting of small solid
particles, of either nebular or primordial origin, in the early solar system,

probably before substantial accretion of planetesimals [King, 1984].

Chondrules from ordinary and carbonaceous (CV) chondrites show different
trends on an oxygen three-isotope plot, as illustrated in Figure 4 [Clayton et
al., 1985]. Both apparently define mixing lines, presumably reflecting
greater or lesser degrees of exchange between the molten chondrule and its
gaseous environment. For CV chondrules, those whose petrography shows that
they were only partially molten are more 16O—rich than those which were

completely melted, indicating that initially 16

O-rich solids, designated 4' in
Figure 2c¢, were heated while embedded in an 16O-—depleted gas, 2 in Figure Zc.
Similar arguments for ordinary chondrites suggest that their chondrules were

made by heating, in the same gas, solids which were yet more depleted in 160

s
3 in Figure 2c. Chondrules from a third group of meteorites, the enstatite
chondrites, also define the same gaseous reservoir [Clayton and Mayeda, 1985].
It seems logical to relate reservoirs 2 and 2' to each other, and to terres—
trial oxygen, by mass—dependent fractionation. The precursor material for the
CV chondrules, 4' in Figure 2c¢, can be identified‘with material lying on the

CAI mixing line and does not, therefore, require a third discrete reservoir,

but the chondrule trend line for ordinary chondrites requires existence of a
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third, solid, reservoir, depleted in ~~0 relative to the others, 3 in Figure

2¢c.

In conclusion, the oxygen data seem to require existence of a minimum of
one solid and two gaseous reservoirs in the early solar system, Figure 2d.
Whether these all coexisted or whether they represent successive additions to
the solar neighborhood is not known, nor is the chemical identity of any of

the reservoirs.

In addition to interpretation of the oxygen data in terms of discrete
nucleogenetic components, it has been suggested that the data may reflect
non-mass—-dependent isotopic fractionation in the early solar system. Evidence
in support of this view has come from experimental studies of ozone synthesis
by a spark discharge acting on molecular oxygen [Thiemens and Heidenreich,
1983]. The isotopic compositions of the product ozone and the residual oxygen
are shown in Figure 5, and reveal a trend line with a slope of unity, not the
mass—dependent slope of 0.52. The reaction pathways involved in ozone produc-
tion are quite complex and the actual mechanism responsible for the non-linear
fractionation is not fully clear. The fractionating step is apbarently
neither the initial dissociation of the oxygen molecule nor the (partial)
decomposition of the product ozone, but probably involves some metastable
intermediate species and may be related to the longer lifetime of hetero-
nuclear species relative to the symmetric homonuclear species [Heidenreich and

Thiemens, 1985].

Although the experimental observations are certainly real, their relevance
to meteoritic data is less clearcut. The existence of a suitably fractionat-
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ing environment in the early solar system has not been demonstrated, nor has a
mechanism for efficient trapping of the fractionated products. However, it

would be premature to rule out such an interpretation.

Anomalous Ti isotopic compositions are ubiquitous among Allende CAIs and

also present in some other meteoritic samples. The dominant anomaly is an

5OTi, up to 28 parts in 104, but more subtle effects are also

apparent, including deficits in 47Ti and, in some chondrules from unequili-

brated ordinary chondrites, in 5OTi [Niemeyer and Lugmair, 1984]. At least

excess of

four isotopic components are needed to account for the Ti data, though the
nature of those components in the early solar system cannot yet be specified.
Preservation of the anomalous components as a "chemical memory” in presolar

grains [Clayton, 1982] seems to be indicated [Niemeyer and Lugmair, 1984].

Nucleosynthetic Time Scales

Isotopic anomalies generated by decay of now—extinct radionuclides can be
used both to resolve small time differences between events in the early solar
system, and to define the time interval, A in Figure 6, between the end of an
episode of nucleosynthesis and the formation of solid objects within the solar

system itself. We consider here two examples of the latter application.

The first utilizes several very short-lived radionuclides to place limits
on when a "last gasp” of intermediate mass nuclides was produced. A lower

41

limit on that A may be derived from an apparent lack of Ca in the early

solar system. A search in K-poor, Ca-rich minerals from apparently ancient
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CAIls in Allende revealed a hint of radiogenic 41K*, possibly correlated with

Ca/K ratio, but it was deemed not statistically significant and is currently

interpreted as corresponding to an upper limit on 41K*/40Ca of 8 x 10—9

[Hutcheon et al., 1984]. This would yield a lower limit to & of 1.8 x 106

yvears,

A model-dependent upper limit on 4 may be inferred from evidence for 26Mg

26

excesses apparently derived from decay of Al. For many, but not all, CAls

from Allende and similar meteorites, those excesses correlate with Al/Mg

/27 5

ratios to give an apparent 26Al Al ratio of 5 x 10 °, see Figure 7

[Wasserburg, 1985]. Some inclusions yield other values for the 26A1/27A],
ratio, including a few which give a null value, within error. It is not clear

whether different values reflect time differences or heterogeneous distribu-

tion of 26Al.

26

If it is assumed that the Al was synthesized in a single event close to

the birth of the solar system, the 5 x 10—5 value, if characteristic of a

significant fraction of solar system material, leads to a probable upper limit

26

for A of 3 x lO6 years, given a production ratio for Al/27A1 of about 10_3.

Support for this assumption has been inferred from the apparent association of
two other radionuclides with 26Al in the early solar system [Wasserburg,
1985]. Many iron meteorites, apparently formed in the cores of several small
differentiated asteroids, reveal evidence of excesses of 1O7Ag* which
correlate with Pd content, indicating that they were derived from decay of

107P 4 107PD/108

d [Kelly and Wasserburg, 1978]. A value of 2 x 10 ' for Pd is

-4
commonly observed. A similar value, from 0.7 to 1.7 x 10 , is calculated for
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129,127

1/ I in many meteoritic materials, based on their contents of

radiogenic 129Xe* which correlate with I content [e.g. Niemeyer, 1979; Jordan

the ratio

et al., 1980; Hohenberg et al., 1981].

From the similar fractional abundances of these three radionuclides with
very different mean lives, it is inferred that their production and injection
into the early solar system were closely related, and that they represent a
"last gasp” addition amounting to about 0.017% of the mass of the solar system
[Wasserburg, 1985]. However, other explanations for the 26Mg* excess have

26

been proposed. One involves a "chemical memory"” due to presolar decay of Al

in Al-rich circum— or interstellar grains which were subsequently incorporated

into the meteorites [e.g. Clayton, 1982]. Alternatively, there is evidence

26

[Mahoney et al., 1984] for a significant steady-state level of Al in the

interstellar medium, apparently nova-produced, which, 1if incorporated promptly

into the protosolar—system, might explain the meteoritic data [Clayton, 1984;

1985].

The second example uses two relatively long~lived extinct actinides to
place limits on A for the last substantial addition of real r-process material
to the early solar system. The lower limit is supplied by the failure, so

far, to find evidence for the existence of live 247Cm in meteoritic material.

The decay chain of 247Cm passes through 235U, so that the former presence of

247Cm would be manifested by an anomalously high value of 235U 238U

/

. Despite
. 235 . . ;
occasional reports of such U excesses, a conservative intepretation of the

4
2+7Cm/235U

extant data places an upper limit on of 4 x 10_3, corresponding to

a lower limit to p of about 108 years [Chen and Wasserburg, 1981].
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The upper limit on A comes from abundant evidence for the presence of live
244Pu in the early solar system. Decay of this nuclide produces fission
tracks in minerals and also xenon with a characteristic 1isotopic spectrum.
Both phenomena have been observed, either individually or correlated in the
same samples, in a wide variety of meteoritic material. Precise calculation

244Pu abundance at the moment of formation of the solar system

of the actual
is made difficult by the lack of another, extant, Pu isotope and the fact that
Pu has been‘chemically fractionated during formation of most, if not all, of
the samples analyzed to date. Nonetheless, there is reasoﬁ to believe that

244Pu/238 2 at 4.6 Gy ago. This leads to an upper

the ratio U was about 10~
limit on a4 of about 5 x 108 years and indicates that the final injection of
pure r-process material, amounting to a few percent of the ambient medium,
took place between 1 and 5 x 108y before solar system formation [Wasserburg,

198573,

Nucleosynthetic Details

Laboratory analysis of a component believed to have a specific nucleo-
synthetic origin can, through its superior precision, illuminate details of
that nucleosynthesis which would not be accessible to either astronomical
measurement or astrophysical calculation. Two examples will illustrate this

approach.

The first example involves analysis of two petrographically unexceptional
but isotopically unusual CAIs, known as EK 1-4-1 and C-1, respectively.

Figure 8 shows the isotopic compositions of two Rare Earth elements, neodymium

82



and samarium, for these inclusions [McCullough and Wasserburg, 1978a,b;
Lugmair et al., 1978]. Substantial deviation from normal solar system values
is evidenced by EK 1-4-1, with C-1 showing only a monoisotopic excess at

L4dg 148,150g0  the EK 1-4-1

m. By nbrmalizing to the two s-process nuclides
data can be seen to consistvof enrichmént of p-process 144Sm and of a series
of r-unshielded nuclides the distribution of which closely matches that of
average solar system r-process material, see Figure 9 [Lugmair et al., 1978].
The conclusion is therefore that EK 1-4-1 contains an above—average concentra-
tion of canonical r-process nuclides, and that both EK 1-4-1 and C-1 contain a
p-process excess. Coincidence of r— and p-process excesses in one inclusion
and a sole p-process enrichment in the other shows that the two processes are
not necessarily coupled. ©Note that the physical/chemical form in which the

alien material entered the solar system has not been revealed by analyses to

date.

The second example involves analysis of>cqnstituents of carbonaceous chon-
drites quite different from the CAIs which have dominated discussion so far.
When these meteorites, and also some unequilibrated ordinary chondrites, are
largely demineralized by dissolving the bulk of their lithic fabric in HF/HCI,
a tiny residue is left which contains a very high proportion of the primordial
noble gas inventory of the meteorite. By a variety of procedures, this noble
gas population can be separated into a number of isotopically distinct com—
ponents, some of which are mundane but others of which reveal isotopic compo-
sitions which are believed to be of nucleogenetic origin. The main solid
species comprising such an acid-resistant residue are organic matter, elemen-

tal carbon, spinel and chromite. We consider here a C component, apparently

83




emanating from a red giant star, which tells us something about nucleo-
synthesis in at least one star of that type, and in the next section we

discuss what that and other components can reveal about condensation processes

in various astrophysical environments.

During stepwise release of Xe from an acid-resistant residue from the
Murchison carbonaceous chondrite, a very small fraction of gas revealed an
isotopic composition quite distinct from any previously found, Figure 10
[Srinivasan and Anders, 1978]. 1In every detail it matched very closely the
composition of Xe calculated to be produced by the s-process in a red giant
{Clayton and Ward, 1978]. 1Its probable host phase appeared to be elemental C
with an unusual isotopic composition (12C/13C = 42 [Swart et al., 1983]) which
was also consistent with origin in a red giant, thus making such an origin
seem very likely. The anomalous Xe in this component was accompanied by
krypton which was also anomalous, 86Kr being distinctly enriched over the
normal solar system value [Matsuda et al.,, 1980]. This is of interest because
the s—process precursor of 86Kr is radioactive 85Kr with a mean life of about
15 years. Persistence of 85Kr to an extent capable of building up 86Kr
implies a mean time between successive neutron captures which was of the same
order as the mean life, i.e. 5 to 100 years [Matsuda et al., 1980]. Whether
or not this 1is characteristic of red giants in general, it nicely illustrates
the kind of information obtainable from laboratory analysis of "astrophysical”

material.

Note that in this case, the physical/chemical nature of the host phase is

consistent with the putative astrophysical origin, i.e. condensation in the
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atmosphere of a red giant, though more elaborate, if less likely, scenarios,

could be envisaged.

Condensation in Astrophysical Environments

For only a few anomalies has the actual presolar carrier phase been
reliably identified., Note that identification is influenced by such factors
+ as the ability of the grain to survive throughout an arduous existence, and
presence of some distinctive feature during microscopic examination of the
sample. Note also that the carrier cannot be assumed to be pristine; altera-
tion is possible at any stage, up to and including preparation of the sample

for analysis.

Five host phases are listed in Table 1 for three well established
anomalous noble gas components. The nature of Xe-s was considered ‘in the
previous section. The isotopic spectrum of Xe-HL is shown in Figure 11 [Lewis
and Anders, 1983]; note enrichment of both heavy and light isotopes, which
have been attributed to r-process and p-process zones, respectively, of a
supernova [Manuel et al., 1972; Black, 1975; Ott et al., 1981]. Xe-HL is

14

apparently associated with nitrogen which is highly enriched in N [Lewis et

al., 1983]. Its host phase is reasonably securely identified as elemental

carbon with a grain size in the range 20 to 90 R [Lewis and Anders, 1983].

The final component, Ne-E, is essentially pure 22Ne, Figure 12, [Eberhardt

et al., 1981], probably formed by decay of 22Na with a 2.6 year half-life. A

nova source seems likely for the 22Na, consistent with identification of two
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of its host phases as C and spinel [Lewis and Anders, 1983]. However, one of
the host phases for Ne-E is apatite [Eberhardt et al., 1981], a mineral which

is clearly of secondary solar system origin. How, when and where this mineral

became associated with Ne-E is unknown.

Another point worth making is that the 2.6 year half-life of 22Na places
severe constraints on the time interval between nucleosynthesis and condensa-
tion of the solid phases capable of retaining Ne. Such observations will

undoubtedly shed much light on condensation processes in stellar envelopes.

Thermal History of Solar Material

Survival of a presolar isotopic anomaly implies that its host was never
heated to a sufficiently high temperature to permit 1isotopic equilibration
with its surrounding medium. Because of major difficulties in placing
individual meteoritic components at specific times and locations within the
early solar system, existing data do not serve as useful constraints on models
of the thermal evolution of the solar nebula, so that this exploitation of
igotopic arnomalies is largely hypothetical at the present time. However, it

is useful to make two comments relevant to this topic.

First, there is very little cosmochemical evidence for nebula-wide high
temperatures, i.e. those capable of vaporizing lithic material. There are
abundant signs of high temperatures, e.g. presence of ¢hondrules and frac-
tionation patterns involving refractory elements, but it is possible, and even

likely, that they reflect processing on a local scale. The best evidence for
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large~scale vaporization of the protosolar system used to be the observed lack
of isotopic anomalies in meteorites but clearly that argument no longer
applies, at least strictly. There is evidence that some meteoritic materials
formed by condensation from a gas, e.g. Rare Earth Element patterns for some
refractory inclusions [Boynton, 1985], which are consistent with production
during cooling of a gas of solar composition, but the scale and location of

that event are not rigorously constrained.

Secondly, much of the organic material in primitive meteorites 1is so
highly enriched in deuterium that an origin by ion-molecule reactions in
interstellar clouds is widely inferred, {[Geiss and Reeves, 1981; Kerridge,
1983]. Besides holding the promise of eventually clarifying some details of
molecular cloud chemistry, survival of such material implies that it was never
heated above about 600K, though uncertainty about when and where this material
entered the solar'system inhibits use of this conclusion to constrain condi-

tions in the early solar system.

Local Production ?

For most of the anomalies considered so far, a local, solar system origin
is inconceivable because of the extreme conditions needed for synthesis, e.g.
the high neutron flux needed for the r~-process. For three anomalies, however,
such an origin has been proposed, though the flux requirements for prodﬁction

of Ne-E in the solar system seem prohibitive and it will not be considered

here.
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Both the remaining anomalies also require high proton fluxes in the early

solar system. Production of 26Al by p,n reactions on 26Mg requires 1021 cmﬁz,

while 1027 cm ™2 are needed to generate the 16O excess by destruction of 17’180
through p,o reactions [Lee, 1978]. Note also that the presence of radiogenic

26 26

Mg* from extinct 16o

Al does not rigorously correlate with enrichment in ,

though a loose association may exist. In neither case could irradiation of
the entire nebular mass have been involved, the most plausible scenario being
irradiation of grain or planetesimal surfaces by an early active sun. 1If,

indeed, the 20 10754 129y

Al were associated with and , as inferred earlier, a
local irradiation origin seems precluded [Wasserburg, 1985]. In summary,
local production cannot plausibly be responsible for all the currently
observed anomalies and, where not immediately implausible, leads to quite
contrived conditions. Nonetheless, such scenarios require further study

before they can be ruled out.

Epilogue

It must be reemphasized that the work cited abhove represents only a small
fraction of recent studies into isotopic anomalies. The reader's attention is
drawn in particular to the substantial body of work on the isotopic systems of
Ca [e.g. Lee et al., 1978; Niederer and Papanastassiou, 1984; Jungck et al.,

1984] and Ti [e.g. Niederer et al., 1981; Niemeyer and Lugmair, 1984].

Acknowledgements

Support by NASA through grants NAGW-347 and NAG-9-27 is gratefully
acknowledged.

88



References

Anders, E. (1981) Proc. Roy. Soc., A374, 207.

Anders, E. and Ebihara, M. (1982) Geochim. Cosmochim. Acta, 40, 2363.

Black, D. C. (1975) Nature, 253, 417.
Boynton, W. V. (1985) In: Protostars and Planets 2 (Univ. Arizona) in press.

Bunch, T. E. and Chang, S. (1980) Geochim. Cosmochim. Acta, 44, 1543.

Chen, J. H. and Wasserburg (1981) Earth Planet Sci. Lett., 52, 1.

Clayton, D. D. (1982) Q. J. R. Astron. Soc., 23, 174.

Clayton, D. D. (1984) Astrophys. J., 280, l44.

Clayton, D. D. (1985) Geophys. Res. Lett., submitted.

Clayton, D. D. and Ward, R. A. (1978) Astrophys. J., 244, 1000.

Clayton, R. N. and Mayeda, T. K. (1985) Lunar Planet. Sci. XVI, 142.

Clayton, R. N., Mayeda, T. K. and Molini-Velsko, C. A. (1985) In: Protostars
and Planets 2 (Univ. Arizona) in press.
Eberhardt, P., Jungck, M. H. A., Meier, ¥. O. and Niederer, F. R. (1981)

Geochim. Cosmochim. Acta, 45, 1515.

Geiss J. and Reeves, H. (1981) Astron. Astrophys., 93, 189.

Gray, C..M., Papanastassiou, D. A. and Wasserburg, G. J. (1973) Icarus, 20,

213.

Grossman, L. (1980) Ann. Rev. Earth Planet. Sci., 8, 559.

Grossman, L. and Larimer, J. W. (1974) Rev. Geophys. Space Phys., 12, 713

Heidenreich, J. E. and Thiemens, M. H. (1985) Lunar Planet. Sci. XVI, 335?

Hohenberg, C. M., Hudson, B., Kennedy, B. M. and Podosek, F. A. (1981)

Geochim. Cosmichim. Acta, 45, 535.

89




Hutcheon, T. D., Armstrong, J. T., and Wasserburg, G. J. (1984) Lunar Planet.

Sci. Xv, 387.

Jordan, J., Kirsten, T., and Richter, H. (1980) Z. Naturforsch., 35A, 145,

Kelly, W. R. and Wasserbufg, G. J. (1978) qubhys. Res. Lett., 5, 1079.

Kerridge, J. F. (1983) Earth Planet. Sci. Lett., 64, 186.
Kerridge, J. F. and Bunch, T. E. (1979) In: Asteroids (Univ. Arizona) 745.
King, E. A. (1983) Chondrules and Their Origins (LPI).

Kornacki, A. S. and Wood, J. A. (1984) Geochim. Cosmochim. Acta, 48, 1663.

Lee, T. (1978) Astrophys. J., 224, 217,

Lee, T., Papanastassiou, D. A. and Wasserburg, G. J. (1977) Astrophys. J.,

11, L107.

Lewis, R. S. and Anders, E. (1983) Sci. Amer., 249, 66.

Lewis, R. S., Anders, E., Wright, I. P., Norris, S. J. and Pillinger, C. T.
(1983) Nature, 305, 767.

Lugmair, G. W., Marti, K. and Scheinin, N. B. (1978) Lunar Planet. Sci. IX,

672.

Macdougall, J. D. and Kothari, B. K. (1976) Earth Planet. Sci. Lett., 33, 36.

Macdougall, J. D., Lugmair, G. W. and Kerridge, J. F. (1984) Nature, 307, 249.
Mahoney, W. A., Ling, J. C., Wheaﬁon, W. A. and Jacobson, S. (1984) Astrophys.

J., 286, 578. ‘
Manuel, 0. K., Hennecke, E. W. and Sabu, D. D. (1972) Nature, 240, 99.

Matsuda, J. 1., Lewis, R. S. and Anders, E. (1980) Astrophys. J., 237, L21.

Matsuhisa, Y., Goldsmith, J. R. and Clayton, R. N. (1978) Geochim. Cosmochim.

Acta, 42, 173.

McCullough, M. T. and Wasserburg, G. J. (1978a) Astrophys. J., 220, LI5.

McCullough, M. T. and Wasserburg, G. J. (1978b) Geophys. Res. Lett., 5, 599.

90



McSween, H. Y. (1979) Rev. Geophys. Space Phys., 17, 1059.

Niederer, F. R. and Papanastassiou, D. A. (1984) Geochim. Cosmochim. Acta, 48,

1279.

Niemeyer, S. (1979) Geochim. Cosmochim. Acta, 43, 843.

Niemeyer, S. and Lugmair, G. W. (1984) Geochim. Cosmochim. Acta, 48, 1401.

Ott, U., Mack, R. and Chang, S. (1981) Geochim. Cosmochim. Acta, 45, 1751.

Srinivasan, B. and Anders, E. (1978) Science, 201, 51.

Stolper, E. (1982) Geochim. Cosmochim. Acta, 46, 2159.

Swart, P. K., Grady, M. M., Pillinger, C. T., Lewis, R. S. and Anders, E.

(1983) Science, 220, 406.

Tatsumoto, M., Unruch, D. M. and Desborough, G. A. (1976) Geochim. Cosmochim.

Acta, 40, 617.

Thiemens, M. H. and Heidenreich, J. E. (1983) Science, 219, 1073.

Wark, D. A. and Lovering, J. F. (1982) Geochim. Cosmochim. Acta, 46, 2581.

Wasserburg, G. J. (1985) 1In: Protostars and Planets 2 (Univ. Arizona) in

press.

Wasserburg, G. J., Papanastassiou; D. A. and Lee, T. (1979) In: Les Elementg

. et Leurs Isotopes Dans l'Univers (Liege) 203.

91




Figure Captions

Figure 1. Oxygen isotopic compositions of a suite of calcium—aluminum-rich
inclusions from the Allende meteorite. The ordinate shows variations in
175,16 o ; 3 . .

0 ratios in parts in 10° relative to the terrestrial ocean water
standard; the abscissa shows variations in 180/160 ratios. The dashed
line corresponds to mass-dependent fractionation. The Allende data define
a mixing line, apparently produced by isotopic exchange between distinct

components, probably of nucleosynthetic origin. From Clayton et al.

[1985].

Figure 2. {(a) Oxygen isotopic compositions of individual minerals separated
from Allende CAIs. Spinel and pyroxene undergo isotopic exchange less
readily than melilite, suggesting that their compositions more closely
reflect that of the solid which subsequently exchanged with nebular gas to
produce the observed mixing line. This exchange is shown schematically in
(b)Y, in which composition #1 is that of the solid and #2' that of the
gaseous reservoir. (c¢) Schematic representation of the data in Figure 4.
Allende chondrules, initially with compositions close to #4', and ordinary
chondrules, at #3, apparently both exchanged with a gaseous reservoir at
#2. (d) Summary of minimal population of oxygen isotopic reservoirs in
the early solar system, identified sd far. An apostrophe denotes a com-
position readily derivable, either by mixing or fractionation, from

established reservoirs.



Figure 3. Silicon isotopic compositions of a suite of Allende CAIs, analogous
to Figure 1 for oxygen. Note that the data closely define a line with a

slope of 0.5, indicative of mass~dependent fractionation. From Clayton et

al. [1985].

Figure 4. Oxygen isotope plot, like Figure 1, for iandividual chondrules
separated from Allende and some ordinary chondrites. Note that for
Allende, porphyritic chondrules, which were not totally molten, are more
16

O-rich than barred choundrules which were completely melted. From

Clayton et al. [1985].

Figure 5. Oxygen isotopic compositions generated during spark-discharge pro-
duction of ozone from molecular oxygen. Square symbols represent composi-
tions of ozone samples: round symbols those of residual oxygen. Note
that the data fall on a line with a slope of unity, not on the mass-

fractionation trend line (dashed). From Thiemens and Heidenreich [1983].

Figure 6. Schematic representation of the time interval between nucleo-—
synthesis of an element and its incorporation into solid objects during
solar-system formation. Elements produced by different nucleosynthetic
schemes would be characterized by different values of A . After

Wasserburg [1985].

Figure 7. Magnesium isotopic compositions of individual minerals separated
from an Allende CAI, as a function of Al/Mg ratio. The strong positive

26

correlation indicates that the observed Mg excesses resulted from decay

of extinct 26Al. After Lee et al. [1977].
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Figure 8. Isotopic compositions of neodymium and samarium in two wunusual
Allende CAIs, plotted as deviations, in parts in 104 relative to ter-
restrial values. The nucleosynthetic production mechanisms believed to be

responsible for each nuclide are identified. After Wasserburg et al.

[1979].

Figure 9. (a) Isotopic excesses in Nd and Sm observed in Allende inclusion EK
1-4~1. Absolute excesses in atoms are plotted versus atomic mass. Note
the smooth curves for even— and odd neutron nuclides. (b) Calculated
"average solar-system” abundances of the nuclides depicted in (a). Note
striking congruency between the curves in (a) and in (b). After Lugmair

et al. [1978].

Figure 10. Relative abundances of the xenon isotopes in a small fraction of
gas released from the Murchison and Orgueil meteorites. Note the excel-
lent agreement with the xenon composition calculated by Clayton and Ward

[1978] to be produced by the s-process in red giants. From Anders [1981].

Figure 1l. TIsotopic composition of a xenon component extracted from Allende.
Note enrichment in both Heavy and Light isotopes relative to "normal” Xe,
leading to its designation as Xe-HL. A supernova origin is inferred for

this component, see text. From Lewis and Anders [1983].

Figure 12, TIsotopic compositions of neon components identified in primitive

meteorites. The component known as Ne-E, consisting of essentially pure

22 . . . .
Ne, 1is dramatically different from the more common components and is

believed to be of nova origin. After Eberhardt et al. [1981].
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HOST PHASES OF ALIEN NOBLE GASES SUMMARY

Component Xe-S Xe-HL Ne-E(L) Ne-E(H)
Material carbon carbon carbon spinel apatite
C C C MgA1,0, Ca2P04(0H,F)
Release T°C 1400 1000 600 1100 1100
Grain size  0.1-3um 20 A 1-10 ym
Source red giant  supernova nova nova 2272722720777
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N86-23500

EXPERIMENTAL INVESTIGATIONS RELATING TO THE PROPERTIES AND
FORMATION OF COSMIC GRAINS

Bertram Donn
Laboratory for Extraterrestrial Physics

GSFC
I. INTRODUCTION

The interpretation of observations or theoretical analyses of interstel-
lar processes requires a sound knowledge of relevant data. In many instances
this can only be obtained by experiments carried out under appropriate condi-
tionse. This report is a general survey of the availability of such data
applicable to the subjects of this workshop and the techniques for obtaining
it. Laboratory investigations of extraterrestrial matter are discussed in the

reports by Walker, Kérridge, and Wood.

There exist many significant measurements taken for other purposes but
useful for astrophysical problems. It is necessary to use caution and good
judgement when treating an astrophysical problem with data obtained for ter-—
restrial purposes. Aétrophysical conditions, particularly, temperature, pres-
sure, and surface to volume ratio often differ greatly from those under which
the measurements were made. The user needs to be alert to the reliability of
the data for the conditions under which it is being used. This constraint
often applies .when experiments have an astrophysical objective because the
experiment may not be possible under actual conditions, for example, at the
low densities of interstellar or circumstellar clouds. The next section lists
the major collections of experimental data, many of which are well known.

Some are more specialized or more recent and not well known.

This report is not intended as a comprehensive review of experimental
results or techniques. TIts purpose is to serve as a guide to sources of data
and call attention to laboratory procedures which have or will supply new,
much needed results. New measurements are continuously being carried out and

the researcher needs to follow up the literature for such data.
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iT. SOURCES OF EXPERIMENTAL DATA

1. General

There are a number of comprehensive collections of data covering
physics, chemistry, geophysics and other scientific disciplines. These are

listed below.

1. Landoldt-Bornstein-Tables of Numerical Values and Functions (in
German)

2. International Critical Tables

3. Handbuch der Physik

4, Handbook of Physics and Chemistry - Chem. Rubber Co.

5. Handbook of Geochemistry

There are in addition to these compendia many smaller or more special-
ized tables of numerical data which are available in libraries. A continuing
source of new or improved data is the "Journal of Physical and Chemical
Reference Data" available through the American Chemical Society. As with all
the above publications, some small fraction of the material is relevant to

cosmic dust.

In addition, the series of Annual Reviews e.g. Physical Chemistry,
Nuclear Physics, Material Science, will have pertinent articles. Also, to be
kept in mind are a growing collection of review publications, e.g. Reviews of
Modern Physics, Advances in Physics, Reports on Progress in Physics,
Contemporary Physics, Chemical Reviews, Accounts of Chemical Research, Soviet
Physicks Uspekhi (Soviet Reviews of Modern Physics), Progress in Surface
Science and others. Finally, there are the numerous journals of current

research in physics, chemistry and related subjects.

2. Spectroscopy

The standard reference on spectroscopy is Herzberg's very comprehensive

four volume treatise "Molecular Structure and Molecular Spectra”. Other
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sources which supplement that are, Pearse and Gaydon (1965), Suchard (1975,
1976), and Rosen (1970). Ultraviolet spectra of organic molecules are dis-
played in two multivolume sets, Lang (1961) and U. V. Atlas of Organic
Compounds, Plenum Press, N.Y. Clar (1964) presents the near ultraviolet-

visible spectra of polynuclear aromatics.

There are a number of collections of infrared spectra of molecules and
minerals. TFor molecules, perhaps the best is the Coblenz Society "Evaluated
Infrared Reference Spectra” available from Sadtler Research Laboratories.
Inorganic species are treated in "Infrared Spectra of Inorganic Compounds
(3800~-45 cm_l) R. A. Nyquist and R. 0. Kagel and "The Sadtler Infrared Spectra
Handbook of Minerals and Clays” edited by J. R. Ferraro. Many texts and
reference books on spectroscopy and photochemistry will show spectra and yield
other references and as always, journal articles and reviews need to be
examined. Fluorescent spectra of a variety of organic molecules and numerous
references prior to 1966 may be found in "Fluorescence and Phosphofescence

Analysis”™ edited by D. M. Hercules.
3. Optical Properties of Solids
a. Minerals

The most detailed analyses of interstellar grains have been devoted to
the interpretation of interstellar extinction and scattering. This is still
an active field of research. The prime requirement is knowledge of the index
of refraction of appropriate solids. Some of this data may be found in the
works cited in Section 1. Much more extensive data appears in publications
concerned with optics of solids. Chapter 10 in "Absorption and Scattering of
Light by Small Particles”™ by C. F. Bohren and D. R. Huffman contains refer—
ences to several sources. This book is an excellent reference for the entire
subject of the interaction of light with small particles. An earlier work by

Huffman (1977) emphasizes interstellar grain problems.

In recent years the interest in cosmic grains has resulted in studies of

astrophysically interesting solids including measurement of refractive in-
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dices. Measurements of the wavelength dependence of the index of refraction,
0.185-2.6 microns, for 24 rocks and minerals are listed and displayed in
Chapter V, "Optical Properties of Inhomogeneous Materials"”, W. G. Egan and T.
W. Hilgeman, Academic Press, N.Y., 1979. Optical properties of small metallic
colloids, including small size effects, were treated by Hughes and Jain
(1979).

been measured by

A number of materials considered as possible grain components have
several investigators. A representative, and not
comprehensive list is given in Table 1. Extensive references are given in the

above two reports and in the papers cited in Table I.

An important measurement for the study of grains at high temperatures in
circumstellar shells or stellar atmospheres is the temperature dependence of
the optical properties. Essentially all existing data on optical constants or
absorption spectra refer to room temperature. The absorption of a quartz
layer heated to temperatures in the range 600-1600 K was measured by

Dvurechenskii et al. (1978).
Table 1

Measured Optical Properties of Proposed Grain Comstituents

Material Spectral Range Property Reference
1. Silicates 10-1600 c:m‘-l Dielectric Perry et al. Moon,
(lunar rocks) constants 4, 315, 1972
2. Mgo ( 0.1 400-800 cm © Emissivity JOSA 71, 393, 1981
micron cubes) 0. Matamura, M. Cho
3. Mg0 IR Reflectivity, J. R. Jaspers et
8K-1960K al., Phys. Rev.
146, 526, 1966
4. Silicates 4-14 microns Emission and J. R. Stephens, R.
absorption W. Russell, Ap. J.
spectra 228, 780, 1979
5. Silicates 7-50 microns Absorption A. Zaikowski, et
phyllosili- spectra al. "Solid State
cates Ap." ed. (p 151)

Wickramasinghe,
Morgan, Reidel,
1976



6. Silicates

7. Hydrated
silicates,
carbonaceous
chondrites,
amorphous
carbonates

8. Silicates

9. Hydrous
Silicates

10. Terrestrial
Silicates

11. Amorphous
Quartz Grains
r=200 A

12. Terrestrial
and Vapor

1026-1640 A

2.5-30 microns

7-14 microns

7-140 wmicrons

0.2-50 microns

1400-400 cm

4-14 micron

Complex index
of refraction

Absorption
spectra

Emission spectra

Extinction
coefficient
2K~1400K

Complex index
of refraction

Complex index
of refraction

Absorption and
emission spectra

P. L. Lamy, Icarus
34, 68, 1978

R. F. Knacke, W.
Kratschmer, Astromn.
Astroph., 92, 281,
1980

Ap. Sp. Sci. 1979
65, 47

C. Koike, H.
Haseqawa, T.
Hattori, Ap. Sp.
Sci. 88, 89, 1982

J. B. Pollack, O.
B. Toon, B. Khare,
TIcarus, 19, 372,
1973

T. R. Steyer, K.
L. Day, D. R.
Huffman, Appl.
Optics, 13, 1589,
1974

Stephens and
Russell (1979)

Condensed
Silicates
13. Silicate infrared Absorption F. M. Penman (1975)
Minerals
Non-silicate infrared Absorption F. M. Penman (1976)
Minerals
l4. Quartz 2.5-5.5 micron Emission spectrum  Dvurechenskii et
600K~-1600K al. (1978)
15, Silicates 2-20 or 8-14 Emission spectra Rose (1977)
microns
b. Carbon

A number of measurements of the optical constants of graphite from the

ultraviolet to the infrared for light incident both perpendicular and parallel
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to the basal plane have been carried out. References to these papers and
discussions of the results are given by Huffman (1977) and Draine and Lee
(1984). Corresponding data for glassy carbon have been presented by Williams
and‘Arakawa (1972) and for amorphous carbon by Duley (1984). There is an
apparent discrepancy between Duley's results and the measured extinction by
amorphous grains. The calculated extinction by small amorphous particles do
not show any broad ultraviolet extinction bumps whereas measured extinction
curves by Stephens (1980) for 0.03-0.01 micron particles have a distinct peak
between 4 and 4.25 micron_l. Similar results were obtained at Goddard where

the peak shifted to shorter wavelengths as the size was reduced.

Amorphous carbon films have also been prepared by a glow discharge tech-
nique. Anderson (1977) reports a study of the structure, electrical and opti-
cal properties of films condensed from a glow discharge in C2H2. Lin and
Feldman (1983) with a generally similar procedure observed the C-H stretch at
3.4 microns and the CH, bending mode at 6.9 microns. The vibrational spectra
of hydrogenated, amorphous Si-C films was investigated by Wieder et al.
(1979). The effect of possible hydrogen contamination on some of the proper—
ties in Anderson's films may be significant. Similar experiments were carried
out by Watanabe et al. (1982). The hydrogen concentration is very dependent

on deposition temperature.

There have been several experimental studies of extinction by small
carbon grains and silicon carbide grains. These are listed in Table II. A
later attempt by Hecht and Donn to extend the measurements reported in item 3
was not successful. The very small size grains could not be obtained. How-
ever, a regular structure in the extinction curve, generally similar to that
reported for the smaller size distribution in the early experiments, regularly
appeared. 1t is believed that the structure is an artifact of the experimen-
tal arrangement and thus raises serious questions about the reality of the
1978 data. Further work is needed on the extinction of small graphite grains

and the transition from graphite to‘large polynuclear aromatics.
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Table I1

Extinction by Carbon and Silicon Carbide Graiams

Grain Structure

1.

9.

10.

11.

12.

Graphite
Amorphous Carbon
Graphite

Amorphous Carbon

Carbon Smoke
Amorphous Carbon

Amorphous Carhon

Amorphous Carbon,
SiC, Silicate
Smokes

Amorphous Carbon

SicC

SicC

Fe,C

Experiment

Polarization by.aligned
grains

Size and shape of conden-
sate from vapor

Normalized extinction
coeff., 350-650 nm,

r<N.2 micron

Extinction

30 nm particles,

probably mostly amorphous
120-600 nm

Size, structure, formation
of vapor condensed parti-

cles

Extinction 210 nm - 340
microns

Extinction 130-800 nm,
vapor condensed smokes
Extinction 200 nm—40 micron
Mass abs. coeff., size
distribution <1.5 micron
Mass abs. coeff., size

distribution <4 micron

Mass abs. coeff.
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Reference

Cayrel and Schatzmon
(1954)

Lefevre (1967)

Donn et al. (1968)

Lefevre (1970)
Day and Huffman,
Nature, Phy. Sci.
243, 54, 1973
Kappler et al. J.
App. Phy. 50, 308,
1979

Koike et al., Ap. Sp.
Sci., 67, 495, 1980

Stephens (1980)

Borghesi et al., A&A,
142, 225, 1985

Dorschner et al.
Friedemann, et al.,
(1981), Ast. Sp. Sci.,

79, 405

Nuth et al. (1984)
Ap. J., 290, T.4]

(1977)
Astron. Nach., 298, 279



c. Laboratory Synthesized Non-Volatile Material

With a few exceptions, Table I deals with either terrestrial, lunar or
meteoritic material. The exceptions are condensates from laser or arc

vaporized material in items 4 and 15 respectively.

Measurements of the optical properties of laboratory synthesized materi-
al including small grains have also been carried out. Day (1974, 1976) pre-
pared amorphous magnesium silicates by precipitation from solution and
measured their infrared spectrum. Later, he produced amorphous films of mag—-
nesium and iron silicates (Day, 1979, 1981) by sputtering a mixed MgSi, MgZSi,
FeSi or FeZSi target in an argon-oxygen atmosphere. The complex refractive
indices were determined by dispersion analysis of the transmission measure-

ments.

Amorphous silicate grains have also becn obtained by condensation from a
nmixed wvapor. In addition to condensing Si0 and Mg+Si0 to yield amorphous
grains (Day and Donn, 1978a, b; Nuth and Donn, 1982, 1983) thesc experimenters
also investigated changes in spectra and structure when grains were annealed
for various time—temperature combinations (Nuth and Donn, 1983a, 1984). More
recently experiments have heen started at Goddard on the hydration of amor—

phous grains (Nuth et al., 1985).

Kratschmer and Huffman (1979) irradiated olivine with energetic protons
to obtain a crystal with a high density of defects which would thus simulate
an amorphous silicate. The infrared spectrum was similar to that of condensed
amorphous silicates with structureless 9.7 and 18 micron interstellar fea-

tures.

The possible role of carbon grains as sources of interstellar extinction
started with the proposals by Loretta (1934) and O'Keefe (1939) that the
irregular obscuration of RCr B stars was caused by condensation of a cloud of
carbon. Caryel and Schatzman (1954) later suggested interstellar polarization
could result from aligned graphite grains and measured the polarization of

magnetically aligned grains. In 1962, Hoyle and Wickramasinge, carried the
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investigation further with the analysis of graphite formation in red giant

stars.

These proposals were soon followed by the discovery of the 217.5 nm
ultraviolet extinction feature Stecher (1965) and its interpretation in terms

of graphite grains by Stecher and Donn (1965).

A variation of the graphite model was introduced with the proposal
(Donn, 1968) that an array of polycyclic hydrocarbon molecules (Donn and
Krishna Swamy, 1969) could act as Platt particles (Platt, 1956) and may
account for the extinction. A preliminary account of experiments on the vapor
phase absorption spectra as well as the thermal and photodissociation of poly-

cyclic aromatic hydrocarbons was given by Stief et al. (1970).

A number of difficulties with graphite as the source of the extinction
were subsequently noted. Grain optics places a severe constraint on shape and
size to account for the 217.5 nm feature (see Gilra (1972) and Hecht (1981)
for a more complete analysis). Problems with the formation of crystalline
graphite in the interstellar medium including the relevant properties of

graphite are reviewed by Czyzak et al. (1982).

Of considerable current interest are the laboratory experiments on the
quenched carbonaceous composites (QCC) produced by Sakata et al. (1983, 1984).
A film was prepared by allowing the products of a microwave discharge in
methane to condense on a quartz or NaCl substrate at room temperature. X-ray
diffraction analysis revealed evidence for fine graphitic particles with some
hydrogen present. The authors suggest the presence of hydrocarbons with
conjugated double bonds. The infrared spectra of the film showed suggestive

agreement with a number of observed infrared emission features.

A different explanation for the unidentified infrared emission bands and
the long time mysterious diffuse interstellar bands is the proposal that they
arise from polycyclic aromatic hydrocarbons (PAH's). The proposed infrared
identification was due to Leger and Puget (1984), primarily based on labora-

tory spectra of <coronene, a symmetric seven ring aromatic molecule.
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Allamandoia et al. (1985) showed that the Raman spectrum from auto exhaust
compares well with the spectrum of the Orion bar in the 5-10 micron interval.
The laboratory sample was a mixture of non-crystalline graphitic material and
PAH's. Experiments on the residue composition from ethylene diffusion flames
(Chakraborty and Long, 1968) determined the PAH concentration dependence on
the oxygen and hydrogen concentration. Subsequently and simultaneously Leger
and d'Hendecourt (1985) and van der Zwet and Allamandola (1985) pointed out
that a correlation between visible aromatic spectra and the interstellar bands
is to be expected but no identifications of bands were presented. The latter

authors report experiments are under way to seek such comparisons.

Beginning about 1970 Sagan and Khare, summarized in their 1979 paper,
have produced a variety of complex organic solids from cosmically abundant

gases CH NH,, H,CO and H,S. The products, produced by ultraviolet
30 ™2 2 P P

4o Sl
irradiation or spark discharge, are brown sticky films named tholins. They
propose such material as constituents of the primitive oceans, aerosols in
atmospheres of the outer planets and as being present in comets, carbonaceous
chondrites and the interstellar medium.

Over the last decade or so Hoyle, Wickramasinghe and colleagues have in-
vestigated a variety of carbon compounds as the source of the interstellar
extinction. Generally, they compared the infrared spectra of the material
with the interstellar spectra. In a few cases the ultraviolet—visible spec-
trum was also determined and compared. This work is reviewed in a recent
publications (Hoyle et al., 1985). Yabushita and Wada (1985) describe an
attempt to reproduce the meésurements on yeast and E. Coli made by Hoyle and
colleagues. They found significant discrepancies between the two laboratories
but pointed out the problems of exactly reproducing results. Yabushita and
Wada emphasized the need to exactly specify the conditions under which the
measurements are made. Moore and Donn (1983) also measured the infrared
spectrum of E. Coli. 1In order to avoid the high pressures in preparing a KBr
pellet they incorporated the E. Coli in a mull and reproduced the 3.4 micron
feature. However, other absorption features, equally strong, at longer wave-—

lengths than measured by Hoyle do not show up in the interstellar extinction.
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d. Small Particles

Much of the existing data and many experiments deal with bulk properties
and macroscopic material. This workshop is concerned with aggregates of mat-
ter below about one micron. Some proposals for grains have been as small as 5
nm where significant deviations from bulk behavior occur (Small Particles,

1977, 1981; Jortner, 1983; Rupin and Engelman, 1970).

There have been many laboratory programs to prepare and study a variety
of characteristics of small particles. A number of these are described in the
references in the preceding paragraph. Kamijo et al. (1975) present results
for a number of refractory elements and oxides using the gas evaporation
technique. References are given to other Japanese work in this area. Optical
properties were not measured. Tables 1 and 2 include a number of similar

experiments where the emphasis was on optical properties of the condensates.

Once particles are prepared the determination of size and composition
for multielement grains becomes necessary. The characterization of particles
by many different techniques is discussed in a National Bureau of Standards
publication (Heinrich, 1980). Methods for the study of surfaces (Kane and
Larrabee, 1974) and thin films are quite similar and may also be used. Many
results and techniques for thin films can be found in the series "Physics of
Thin Films, Advances in Research and Development.” The initial stage of

laying down a film consists of the formation of isolated aggregates.

4, Thermodynamic Data Including Vapor Pressures

Among the physical and chemical data found in the references in Section
11, are extensive sets of thermodynamic properties of a variety of materials.
In addition to those collections there are a number devoted to the subjest of
this section. Vapor pressures as a function of temperature are given by A. N.
Nesmeianov (1963) for the elements and Baublik et al. (1984) for a large
variety of compounds. The "Handbook of Chemistry and Physics” (Weast, 1985)
revised about every year, gives constants for the vapor pressure equation of

many compounds. Stull (1947) tabulates temperatures of organic compounds and
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inorganic compounds respectively at which the vapor pressure is 1, 5, 10, 30,

40, 60, 100, 200, 400, and 760 torr.

The most comprehensive collection of thermodynamic data appears to be
the JANAF Thermochemical Tables (D. R. Stull and H. Prophet, 1971) published
and updated by the Office of Standard Reference Data, U.S. National Bureau of

Standards. The JANAF Tables give the temperature dependence for: heat
. ‘ ci . 0_,,0 o .0 o
capacity, entropy, Gibbs energy function (F -H 298)/T, H T H 2987 Z& H £
A GOF, and log Kp. AH is the enthalpy, F or G is the Gibbs Free Energy and
Kp is the equilibrium constant in units of atmospheres. The vapor pressure P

is obtained from the equation:

In A FO'Vap = -RT1lnP

Although the JANAF tables list AF in the next to last column, for

interpolation purposes it is more accurate to use the Gibbs Function, —(FOT—
o . N . . . .
H 298)/T’ which varies much more slowly with T. Then, A Fvap is given by:

P =T [-(F° ° )T + HC

o
vap T—H 298)/T](cond)_[_(F

0 (o]
78 998 £,298 (97 B¢ 998 (cond)

and PVap = exp [- F(Vap)/RT]

where Pvap will be in atmospheres. Note that JANAF units are cal/molK for

-(¥°-g° /T and Kcal/mole for AH° The gas constant, R = 1.987

298>
cal/mol. XK,

£,298°

The application is very straightforward for monatomic solids, for
example, 1iron. For solids with complex compositions, as are all silicates,
vaporization and stability can be discussed according to the treatment of
Grossman and Larimer (1974). The reverse process (condensation) 1is more
involved as discussed by Donn (1976, 1978, 1979) and at present no reliable
procedure is available (Donn et al., 1981; Donn and Nuth, 1985). Extensive
data for vapor pressures at low temperatures are given in the above collec-

tions. An additional source is found in Honig and Hook (1960).
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I11I. EXPERIMENTAL INVESTIGATIONS OF GRAINS
1. Optics

In Section 2, data and some measurements oun spherical and compact non-
spherical particles were presented. This section deals with scattering on

well defined, irregularly shaped grains.

One of the earliest studies was by Donn and Powell (1963) also Powell et
al. (1967). The Angular scattering for both polarizations at two visible
wavelengths were measured for micron size Mg0O cubes and 7Zn0 fourlings. The
latter have four symmetrically arranged narrow prongs extending from a central
nucleus in the ideal case (which did not always occur). For the cubes, Mie
calculations for a very similar distribution of spheres, gave a good match.
However, with the fourlings, more large particles were needed and the measured

scattering did not match either the angle or wavelength predictions.

More detailed and systematic investigations of scattering by irregular
particles can be performed using wicrowaves and thereby scaling the particle
dimension from microns to centimeters. An extensive program for this purpose
was initiated by Greenberg (Wang and Greenberg, 1976; Greenberg and Gustafson,
1981). 1t was continued at The State University of New York at Albhany
(Schuerman, 1980a). The laboratory is currently run at the University of
Florida, Gainesville. A similar laboratory has been operatiﬁg at Ruhr
University, Bochum, FRG (Zerull, 1980). Additional references to experiments
on scattering by irregular particles, both optical and microwave, can be found

in "Light Scattering by Irregularly Shaped Particles” (Schuerman, 1980b).
2. Sputtering

Sputtering of atoms or molecules off surfaces of either icy or refrac-
tory materials is an important process for grain evolution in a number of
astronomical environments (e.g. Barlow; 1978). Experiments on sputtering by
energetic ions have been carried out in several laboratories and results

applied to astrophysical problems.
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In the case of interstellar grains refractory “minerals”, polymeric
carbonaceous macromolecules and icy surfaces are likely to be involved. For
solar system objects including satellites of the outer planets and cometary
surfaces, volatile ice mixtures are the major constituents,. Zodiacal and
interplanetary dusf and a large proportion of cometary grains will consist of
refractory material. Barlow references sputtering experiments prior to about
1970. The basic techniques employ plasma discharges or ion beams to obtain
the impacting ion. The ion beam method permits more quantitive measurements

as the energy and angle of impact can be accurately controlled.

Detailed discussions and summaries of experimental results are given by
Kaminsky (1965), Behrisch et al., (1973) and particularly Behrisch (1981,
1983). The last reference 1is a continuing series "Sputtering by Particle
Bombardment”. Volume I is subtitled "Single Element Compounds™. Of consid-
erable relevance is Chapter VII "Alloys and Compounds, Electrons and Neutrons,
Surface Tomography”. The chapter by Betz and Wehner, "Multicomponent
Materials", provides data for a number of species of astrophysical importance.
A third volume "Angular, Mass, Energy and Charge Distribution” is in prepara-

tion.

Sputtering produces a very complex structure on the irradiated surface.
This is shown in the section on surface tomography in Behrisch (1983). The
consequences for interstellar grains with regard to continuous exposure lead-
ing to destruction and for optical properties may be important. These experi-
ments have been done on well ordered surfaces, the effect on amorphous sur-

faces and for grains under a micron in diameter need to be studied.

A brief but rather thorough review, with many references, to sputtering
effects on condensed volatiles is given by Johnson et al. (1985). An addi-
tional very recent reference is the forthcoming proceedings of the NATO

Conference on "Ices in the Solar System” edited by J. Klinger.

The active centers doing experiments in this area are at the University
of Virginia (R. E. Johnson), Bell Laboratories (L. J. Lanzerotti), and the

University of Catania in Italy (V. Pirronello).
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3. Nucleation and Condensation

A number of calculations of grain formation in stellar atmospheres and
circumstellar shells have been carried out over the past two decades (see Donn
and Nuth, 1985 for references). The assumptions used in these investigations
have been questioned by Donn in a series of papers, including the reference
above. An experimental study of the condensation of refractory materials at
temperatures in the range 750-1200K was undertaken at the Goddard Space Flight
Center to study this problem (see Donn and Nuth, 1985 for references). In
these experiments the reactant or reactants were thermally vaporized to form a
cloud at a known temperature within which particles condensed. An inherent
difficulty with this technique is the attainment of good mixing in the vapor
phase with multi component mixtures. These experiments were an extension of
those described in Section IIc for the preparation of synthetic silicate
grains. For a variety of other purposes, the problem of the condensation of
refractory materials has been investigated at a number of other institutions
using different techniques, primarily employing shock tubes. These have all
been referenced and very briefly described by Donn and Nuth. 1In all cases the

experiments resulted in significant disagreement with nucleation theory.

At Goddard, plans have been developed for studying both nucleation and
particle formation from multicomponent gases in a flow system. The separate
components will be mixed in ‘a high temperature furnace where condensation
cannot occur. The now well mixed gas will flow into a variable, lower temper-

ature furnace and condense under controlled conditions.
4. Clusters

The proposal that nucleation theory cannot handle mutlicomponent mix-
tures (Donn, 1976) was based on the formation of metastable clusters that
affect the final grain composition. Several of the condensation experiments
referenced iﬁ ﬁhe last Section yielded particles with non-equilibrium composi-

tion (Nuth and Donn, 1982, 1983; Stephens and Bauer, 1985).

In order to study the condensation process and determine thermodynamic
and kinetic data for developing a kinetic theory of condensation an investiga-
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tion of the precondensation clusters is an important procedure. In recent
years there has been extensive research into the properties of clusters,
largely because of their role as catalysts. This work is well presented in
several conference proceedings ("Experiments on Clusters”™, 1984; Gole and
Stwalley, 1982; Borel and Buttet, 1981). Gas phase cluster experiments for
the most part involved single species, often metallic or in several cases
alkali halides. In all instances the cluster formed by expansion and cooling
of the carrier gas plus condensible species so that the temperature-pressure

conditions of cluster formation were not determined.

In the last two years two procedures with considerable astrophysical
significance have been applied to the investigation of clusters. TInstead of
using an inert ambient carrier, a small concentration of reactant is intro-
duced into the flowing carrier. By this means reactions of cobalt and niobium
clusters with hydrogen (Guesir et al., 1985) and iron with molecular hydrogen
(Ricktsmeier et al., 1985) were studied. With all three cluster types, the
reactivity was a strong function of cluster size. Whetten et al. (1985)
reacted iron clusters with 02, H
unreactive, the reactivity of 1iron clusters tends to increase with cluster

2S, and CH4. In all cases atomic iron is

size and levels off for the larger clusters. CH4 did not react with iron

clusters.,

By vaporizing arsenic or cesium with sulfur, Martin (1984a, 1984b)
obtained mixed clusters with a wide range of composition ratios. 1In these
experiments the two species were vaporized from adjacent crucibles (Cs + S) or
as arsenic sulfide from a single crucible. Reactant gases were also intro-
duced into the helium carrier. Research in the new area of cluster reactivity
and composite clusters is very active and new results are continually

reported.

An experimental program on clusters aimed at the astrophysical problem
of grain formation has been undertaken at Goddard (Donn et al., 1981). The
emphasis will be on the formation of silicate grains composed of cosmically
abundant metals. The plan is to create and then condense multicomponent vapor

mixtures. The composition of the vapor, temperature and pressure of cluster
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formation are the basic parameters to be varied in the experiment. The size
and compositional distribution as a function of temperature are the results to
be measured. This information will be a major contribution to the understand-

ing of cosmic grain formation.

5. Low Temperature Experiments

1. Matrix Isolation

e

There is always a question of organization in a review covering a broad
area of research - How best to present material which overlaps several sec-
tions? 1In the present instance clustering has been studied using high temper—
ature vaporization as in Section IIT-1 and also in low temperature matrices.

The latter aspect is considered here.

There is a rather long history of the study of clustering and reactivity
in matrices. The general techniques are reviewed by Moskovits and Ozin (1976)
and examples appear in Gole and Stwalley (1982). Primarily spectroscopic
applications are given by Meyer (1971). Two reviews emphasizing the study of
molecules prepared at high temperatures have been written by Weltner (1967,
1969). He has also studied small carbon clusters in inert matrices (Weltner
1964a, b, 1966, 1976). Kratschmer et al. (1985) deposited carbon vapor at 10K
and warmed up the film while monitoring the spectrum. They obtained results

which may be compared with several diffuse interstellar bands.

Wdowiak (1980) has condensed the discharge products of methane-argon
mixtures at 10K and examined the visible spectrum as a function of time and
ultraviolet bleaching. Suggestive similarities with diffuse bands occurred in
these experiments also. Khanna et al. (1981) monitored changes in the spectra

of $i0 in N, with warmup. In addition to the growth of small polymers of 5i0,

2
they obtained a non-volatile residue that had an absorption similar to that of
the 81203 particles that characterize condensates from Si0 vapor. Similar
results were obtained for Mg + Si0 gas mixtures (Donn et al. 1981). Experi-

ments were also carried out on Fe + Si0 again with similar results.
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2. Water Tce and Ice Mixtures

A different phase of low temperature research applicable to astrophysi-
cal problems is the study of condensed volatile species. This aspect deals

with pure water ice and simulated cosmic ice mixtures.

A number of laboratory studies of the spectra of ices and ice mixtures
has been carried out. Lebofsky and Fegley (1976) have provided the reflection
spectra of several molecular frosts in the wavelength range 0.3-1 micron.
Moore (1981) also shows the spectra from 2.5-15 microns of a variety of con-—
densed molecules and mixtures. A similar collection of spectra was presented
by Hagen et al. (1983) which includes the effect of changing concentration and
temperature (permitting increasing degrees of diffusion in the sample). The
spectra of hydrated frosts, over the wavelength range from 1-6 microns, has

been studied by Smythe (1975).

A number of experiments have investigated the infrared spectrum of amor-
phous ice and applied the results to astronomical observations (Hagen et al.,
1981; Leger et al., 1983, Kitta and Kratschmer, 1983). Extensive physiochemi-
cal experiments have been carried out on amorphous ice. These are reviewed by

Sceats and Rice (1982).

In addition to water ice and ice mixtures, gas hydrates or clathrate
hydrates have been proposed for interstellar grains or grain mantles although
most of the emphasis of these experiments have been for comets. Miller (1961,
1973) reports experimental results for astrophysically interesting clathrates.
Extensive reviews are given by Davidson (1973) and by van der Waals and
Platteeuw (1959). Recent results are given by Cady (1983) and Davidson et al.
(1984). An inability to directly condense clathrates below about 100K has

been demonstrated and briefly discussed by Bertie and Devlin (1983).

A comprehensive presentation of the physics and chemistry of water, ice
and aqueous solutions can be found in the series "Water - A Comprehensive
Treatise” edited by Frank. Recent research on ice appears in the proceedings

of the symposia "The Physics and Chemistry of Ice” (Riehl et al., 1969),
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(Whalley et al., 1973), (J. of Glaciology, 1978) and the volume for the 1983

meeting.

Because matter in space is irradiated by ultraviolet photons and parti-
cles in the Kev or Mev range, experiments on ice irradiation have been carried
out. A systematic program on ultraviolet irradiation of ice mixtures has been
underway at Leiden University. An account of this work and many references to
it are given in Greenberg (1982). At Goddard, the effect of 1 Mev protons on
ice mixtures has been studied (Moore and Donn, 1983). At the Joffe Institute
of Physics and Technology in Leningrad, experiments on the irradiation
(Kaimakov et al., 1977) and vaporization of ice and ice-dust mixtures
(Kaimakov and Sharkey, 1972; Lizunkova et al., 1977) have been carried out.
Experiments on the photodetachment, photodissociation and photochémistry of
ice mixtures have recently been performed at the Institute for Molecular

Sciences in Japan (Nishi et al., 1984).

The references to experimental investigations have been colored by my
interests. As pointed out in the beginning, this review is far from complete.
A number of significaht procedures are undoubtedly missing and important
experimental studies are also omitted when particular techniques are men-
tioned. I apologize to the reader who may be misled by the first omission and
to the investigators who were not given due credit by the second. Some of
these deficiencies would have been avoided had I been able to attend this
stimulating meeting but others were due to a desire to limit the size of the
present work and to guide the reader to sources of data and additional

references.
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CIRCUMSTELLAR DUST
Eli Dwek et al.

The presence of dust in the general interstellar medium is inferred from
the extinction, polarization, and scattering of starlight; the presence of
dark nebulae; interstellar depletions; the observed infrared emission around
certain stars and various types of interstellar clouds. Interstellar grains
are subject to various destruction mechanisms that reduce their size or even
completely destroy them” (e.g. Seab et al, this volume). A continuous source
of newly-formed dust must therefore be present for dust to exist in the

various phases of the interstellar medium (ISM).

This working group has the following goals: 1) review the evidences for
the formation of dust in the various sources; 2) examine the clues to the
nature and composition of the dust; 3) review the status of grain formation
theories; 4) examine any evidence for the processing of the dust prior to its
injection into the interstellar medium; and 5) estimate the relative contribu-

tion of the various sources to the interstellar dust population.

Sources considered in this report are: cool giant and supergiant stars,
planetary nebulae, hot stars, evolved stars, novae, supernovae, and proto-
stars. A brief review on observational aspects of circumstellar dﬁst, and on
the formation of circumstellar grains is given, respectively, by Jura and by

Draine in this volume.
1. EVIDENCE FOR DUST FORMATION

The presence of dust in circumstellar shells around cool evolved stars
is inferred from the infrared (IR) excess above the underlying stellar con-
tinuum or free-free emission, from the polarization of starlight, and from the
presence of reflection nebulae surrounding the star. The IR excesses are
apparent at wavelengths above 5 microns. They appear either as a continuum
that exhibits a shallower falloff with increasing wavelength compared to the

underlying stellar emission, or exhibit characteristic dust emission features.
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In planetary nebulae the presence of dust is also inferred from the
extinction and scattering of the stellar UV and optical emission. However, an
unresolved issue is the phase in the evolution of the star during which the
dust actually formed. The dust could have formed during the red giant phase,
and been accumulated in a shell during the formation of the planetary nebula.

Alternatively, the dust could have formed during the planetary ejection phase.

The presence of dust around noﬁae is inferred from the evolution of
their radiative output at the various wavelengths. A few months after the
explosion, the nova light curve may exhibit a dramatic rise in the infrared
which 1is concurrent with a rapid drop in tﬁ; UV-visual (e.g. Gehrz et al.,
1980 and references therein). The appearance of the infrared excess is
usually interpreted as evidence for the formation of dust in the expanding
novae ejecta (e.g. Clayton and Wickramasinghe, 1976). The appearance of the
dust in the expanding shell is then also the cause for the drop in the
observed UV output from the star. A different explanation was offered by Bode
and FEvans (1980a). They suggested that the dust around some novae was not
formed during the nova event but during an earlier phase in the evolution of
the progenitor star. The observed IR excess in their model therefore repre-
sents the reprocessing of the UV-visual output of the star by the preexisting
circumstellar dust shell. The concurrent drop in the UV is more difficult to
explain in their model, and is attributed to an increase in the effective
temperature of the nova that is associated with its decreasing photospheric

radius (Bath and Shaviv, 1976).

That dust formation may take place in supernovae (SN) is inferred from
the presence of isotopic anomalies in meteorites (see D. D. Clayton, et al. in
this volume). In the absence of an underlying source of UV emission, which
provides the heating of the dust in novae, it may be impossible to obtain
evidence for the formation of dust in the expanding SN ejecta from the evolu-
tion of the SN light curve. The excess of IR emission detected in three
recent Type IL supernovae (Merrill, 1979; Dwek et al., 1983; Graham et al.,
1984) represents in all three cases the UV-visual outburst of the star repro-
cessed by circumstellar dust that presumably formed during the red giant phase

of its evolution (Bode and Evans, 1980b; Dwek, 1983). Of the three supernovae
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only SN 1980k was also consistent with the interpretation that dust formed in
the SN ejecta (Dwek et al., 1983). Direct evidence for the existence of
supernova condensates can be obtained by infrared observations of young, rela-
tively unmixed supernova remnants {(Dwek and Werner, 1981). Two such candi-
dates are the Crab Nebula and the Cas A remnant, however, so far neither
remnant shows any conclusive evidence that the observed dust is of supernova

6rigin (Marsden et al., 1984, and Dwek et al. in preparation).

Protostars are observed to be embedded in cocoons of dust and were sug-
gested by Field (1974) "as major sources of interstellar dust. The observed
circumstellar dust may, however, be preexisting dust from the protostellar

environment out of which the star formed.

Evolved stars like R Coronae Borealis are extremely carbon-rich objects
(C/H>>1) which periodically fade up to eight magnitudes in the visual. Typi-~
cally after several months, they return to normal (Payne-Gaposchkin, 1963;
Alexander et al., 1972). Subsequent to the discovery of an IR excess around R
Coronae Borealis (RCB) (Stein et al., 1969) it has been generally accepted
that dust is always present around RCB type stars. The fading of the star is
attributed to the ejection of a cloud of carbon grains along our line of sight
(0'Keefe, 1939; Forrest et al., 1972). UV observations of the star, and the
derived UV extinction curves are consistent with that hypothesis (Hecht et

al., 1984).
2. ' DUST COMPOSITION

Stars with circumstellar dust shells can be grouped into two main
classes based on their photospheric abundances: those in which oxygen is more
abundant than carbon (C/0<1), and those for which C/0>l. The dust type in the
circumstellar shell seems well correlated with these two classes: silicate
dust with oxygen-rich stars, and carbonaceous and SiC particles with carbon-

rich stars.

The presence of silicates in oxygen-rich stars is inferred from the 9.7

and 18 micron emission features (e.g. Aitken, 1981), and the featureless
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infrared spectrum observed in carbon stars and planetary nebulae (Mathis,

1978) is usually attributed to crystalline graphite. Draine (1984) predicted

that crystalline graphite should have a resonance feature at 11.52 wicrons
which has not yet been detected, and this may suggest that circumstellar
carbon is instead amorphous. SiC has a broad emission feature extending from
10.5 to 13 microns which has been observed in circumstellar shells around
carbon stars and some planetary nebulae (see review by Aitken, 1981). Based
on cosmic abundances, it is expected'that less than 10 percent of the dust
around carbon-rich stars will be SiC. Therefore, SiC will be a minor contrib-
utor to the interstellar visual and UV extinction (Mathis, Rumpl, and
Nordsieck, 1977). A broad 25-30 micron feaE;re, seen in carbon stars and in
carbon-rich planetary nebulae (Goebel and Moseley, 1985; Forrest, Houck, and
McCarthy, 1981) was suggested by them to be a resonance feature in solid MgS.
The feature is absent in planetary nebulae with high C/0 ratios, suggesting

that most of the sulphur in that case is locked up in CS.

A few oxygen-rich stars show absorption features at 3.1 microns and 6.0
microns (Soifer et al., 1981), which is characteristic of water ice at temper—
atures significantly lower than 150 K, These observations suggest that H20
can condense out from the gas at sufficiently large distances from the star
(see Jura, this volume). Additional evidence for the presence of circumstel-
lar ice 1is suggested by the UV observations of HD 44179 (Sitko, Savage, and
Mead, 1981), the illumination source for the Red Rectangle Nebula. The 1600 A
absorption feature in the spectrum has been interpreted by Hecht and Nuth
(1982) as evidence for the presence of water ice in the circumstellar shell of

that star.

A variety of objects exhibit a series of "unidentified” infrared emis-
sion bands at 3.3, 6.2, 7.7, 8.6, and 11.3 microns (see review paper by
Aitken, 1981). Recently, Leger and Puget (1984) suggested that these features
arise from very small (50 atoms) hydrogénated carbon "grains”, that are radi-
atively excited by the stellar UV radiation. Polyeyclic aromatic hydrocarbons
(PAH's) appear the most promising carriers of these features; however, the
exact nature of the exitation mechanism is still controversial (Allamandola,

Tielens, and Barker, 1985).

WG-4



The presence of various elements and their isotopic composition in cir-
cumstellar dust grains can only be confirmed from the study of meteorites.
Abundance anomalies in these objects suggest that volatile s-process elements,
and short-lived radiocactivities were trapped in circumstellar grains during
the condensation process (see Clayton et al., this volume). The presence of
these volatile eclements in the grains provide a challenge for anyone attempt-

ing to model the condensation process in circumstellar shells.

The crystal structure of the emitting dust can affect the shape of dust
emission features as well as the long wavelength behavior of the dust
emissivity. This effect is most obvious in the comparison of the absorption
efficiency of graphite particles (e.g. Draine and Lee, 1984) with that of
amorphous carbon (e.g. Koike, Hasegawa, and Manabe, 1980). For silicates and
other grain materials the differences may be more subtle. The shape of the
9.7 micron feature in circumstellar shells which is reasonably well fit by
that of amorphous silicates (Papoular and Pegourie, 1983) appears different in
red giant shells compared to the Trapezium (see Forrest, McCarthy, and Houck,
1979 and references therein), suggesting a different crystal structure in
these regions. The significance of the difference is currently unclear, since
uncertainties in the subtraction of the underlying continuum may be larger
than the difference in the spectra. Additional information on the crystalline
structure of grains may be inferred from the far-infrared behavior of their
emissivity. An inverse square wavelength dependence is expected for crystal-
line particles. Recent observations (e.g. Sopka et al., 1985) suggest that
the far-infrared drop in absorption efficiency of silicate or carbon grains
appears to follow a wavelength _1, or wavelength =1.5 behavior, suggesting
that these grains are amorphous. However, a distribution of grain tempera-
tures will also have the effect of producing a flatter spectrum from an
originally steeper one. More detailed observations are needed to distinguish

between these two possibilities.

Additional evidence that circumstellar carbon may be amorphous, rather
than crystalline graphite, is suggested by the 2400-2500 A bump in the UV
extinction curves toward R Coronae Borealis stars. These stars are carbon-

rich and hydrogen-poor with C/H ratios of about 100, in which graphite rather
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than hydrocarbons should be very stable. However, an analysis of the extinc-
tion curve (Hecht et al., 1984) showed that the feature is consistent with the

presence of glassy or amorphous carbon around these stars.

3. DUST FORMATION

Although the growth of interstellar dust grains may take place in the
interstellar medium (see Snow this volume) the cores of these grains are
probably formed in the various sources considered in section 1. Jura (this
volume) summarized radio and infrared observations of cool giant stars that
can provide observational constraints on theories for dust formation in the
outflowing gas. These constraints include the physical properties of the gas,
and the size and composition of the dust in the outflow. A summary of how
these observational constraints mesh with current theories of circumstellar

dust formation was presented by Draine (this volume).

The nucleation theory which is used to describe the formation and growth
of particles in astrophysical environments makes a number of simplifying
assumptions which may not be valid in circumstellar flows. These assumptions
are: 1) that the vibrational temperature of the clusters and the kinetic
temperature of the gas are the same; 2) that the chemical distinction bhetween
the various refractory gas phase constituents can be overlooked; 3) that free
energies for "critical” cluster sizes can be estimated using their bulk pro-
perties; and finally 4) that the sticking efficiency of a particle is not
affected by the latent heat released by the formation of the chemical bond at

the grain surface.

These assumptions are still controversial, and there is evidence that
some of them are incorrect in real astrophysical environments or under labora-
tory conditions (Nuth and Donn, 1981; Stephens and Bauer, 1981; Donn and Nuth,
1985). Well outside the stellar photosphere the molecular vibrational
temperatures drop below the kinetic temperature of the ambient gas. This dis-
equilibrium reduces the validity of condensation calculations. More specif-
ically, the reduced vibrational temperature will contribute to the stability

of clusters and may be a key factor in the onset of the nucleation process
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(Nuth et al., 1985). Another problem encountered in real astronomical envi-
ronments is that the relevant collisional timescales may be longer than the
dynamical timescale of the system. This point was illustrated by Scalo and
Slavsky (1980), who showed that the final products of the chemical reactions
between major constituents of expanding circumstellar shells may be controlled
by the reaction kinetics in the outflow. Isotopic anomalies found in meteor-—
ites suggest the inclusion of volatile elements in the dust that formed around
red giant stars. Nucleation theory has to include the possibility of trapping
volatile elements in the condensation process (Kothari et al., 1979). in
addition to simplifications in the nucleation theory, models for the formation
of circumstellar dust may have considerably simplified the physical conditions

of the gas in the flow.

The complexity of the actual process of circumstellar dust formation can
be illustrated by applying the theory to a well observed object. The applica-
tion of classical nucleation theory to ciréumstellarrgas flows yields the
point in the flow beyond which these clusters become stable, and the growth

and final size of the dust particles.

Infrared photometric data of Alpha Orionis (summarized by Jura in this
volume) suggests that silicate dust (observed by its 9.7 micron emission
feature) is formed and detectable outside of 10-100 stellar radii (1014—1015
cm linear dimension). The density in a spherically symmetric outflow
decreases with distance from the star. Consequently, if dust formation is
defered to a distance of 10-20 stellar radii, the resulting grain size is much
smaller than that inferred from observations (see Draine in this volume).
These problems indicate that the flow around the star is significantly more
complex than assumed in the calculations. It is possible that regions inte-
rior to 10-20 R,, which do not clearly contain the "9.7 micron dust feature”,
may be comprised of dust progenitors (clusters) and molecular masers that
reside in cool clumps (T<1000K; <1010 cm—B) which in turn are embedded in a
warm, chromospheric medium (T near IOAK; n approximately 108 cmm3). A con-

densation instability could produce these conditions near the star (see

Stencel, 1985; also this volume). Such instability could alsoc explain the
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presence of dust around hot Wolf-Rayet stars that exhibit rapidly moving (3000

km/sec) outflows, or around high temperature (5000 K) R Corona Borealis stars.

In contrast to cool stars which may produce dust continuously in their
outflow, novae only produce dust during sporadic outbursts. Dust formation
seems, however, to be inhibited in "fast" novae, so called because they
exhibit a rapid drop in their UV-visual output (e.g. Gehrz et al., 1980).
Comparison between the various type novae may therefore provide the opportun—
ity to examine the physical parameters that can facilitate (or inhibit) the

formation of dust in their ejecta (Gallagher, 1977).

Sco far, dust has not been observed in supernova ejecta. However, it is
expected that the dust formation process in these objects may be significantly
different from that occuring around stars or novae. In the case of Type II
supernovae, the collapse of the central core of the progenitor star leaves no
underlying source of radiation so that the formation of the dust in the ejecta
may be regulated by collisional, rather than radiative, processes. Further-
more, observations of Cas A and the Crab Nebula show that supernovae ejecta
are inhomogeneous, with significant abundance variations between the clumps.
The resulting condensation sequence and dust composition may therefore be
quite different from those calculated for a uniformly expanding gas (see
Clayton et al., this volume). The enhanced density in the clumps may facili-
tate the condensation process, and shield the newly-formed grains from reverse

shocks that arise from the deceleration of the remnant.
b PROCESSING OF THE DUST

After their formation and prior to their injection into the intérstellar
medium the newly-formed dust particles may be subject to various physical
conditions that can reprocess them. Reheating of the dust particles can
change their crystalline structure; accretion in the flow, various surface
reactions, or UV processing can alter their composition; and collisions among
themselves and with the ambient gas can alter their size distribution or com-

pletely destroy them.



Variations in grain composition, size, and morphology are reflected by
changes in the central wavelength, strength, and shape of their characteristic
infrared bands. For example, the emission peaks of crystalline silicates
differ in wavelength and shape from the emission bands of amorphous silicates
of the same composition (Stephens and Russell, 1979). PFurthermore, the 8-25
micron spectrum of various laboratory-produced amorphous and partially crys-
tallized silicates show, in addition to the well known 10 and 20 micron bands,
weak features which may correspond to weak structures present in the infrared

spectra of oxygen-rich stars (Nuth and Donn, 1982).

Evidence for changes in the grain size distribution around R Coronae
Borealis stars was presented by Hecht et al. (1984). From the fading of the
visual output they proposed that after formation the grains grow to approxi-
mately 0.1 micron. Subsequent collisions result in a MRN power-law distribu-

tion of sizes ranging from 0.005 to 0.060 microns.

Graphite particles can react with atomic or ionized hydrogen in the
vicinity of HII regions if their temperature is above a critical temperature
of about 110 K. Barlow (1983) proposed that chemical sputtering of carbon
grains can form surface hydrocarbon complexes which may be responsible for the
observed "unidentified” infrared emission features. UV irradiation can lead
to similar results. The observations of these features on the boundary of HII
regions and in planetary nebulae may therefore be evidence for radiative or

collisional processes on the surface of carbon grains.

54 RELATIVE CONTRIBUTION TO THE ISM

The relative contribution of the various sources to the interstellar
dust population is of considerable interest because of the different abundance
peculiarities that can be locked in the dust during the condensation process.
For example, silicates that formed in supernova ejecta will contain pure 160’
and were suggested as the source of abundance anomalies in the meteorites. The
relative contribution of each source to the 1interstellar dust population

depends on the total amount of mass returned from that source to the ISM, on
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the fraction of condensible elements in the ejecta, and on the efficiency with

which these elements condense out of the gas phase.

The contribution of Red Giant stars to the interstellar dust population
is perhaps the least uncertain. In red giant winds it is possible to derive
the mass loss rate from the star. If the circumstellar gas is ionized the
mass loss rate can be derived from the radio free—-free emission. If the
hydrogen in the flow is molecular then the mass loss rate can be derived from
radio observations of minor constituents such as CO. Major uncertainties. in
these derivations are the CO/H2 abundance, and the distance to the star.
Total mass loss rates integrated over the galaxy are found to be about 0.3
Msun/yr with equal contribution from O- and C-rich stars (Knapp and Morris,
1985). Adopting a gas-to-dust mass ratio of 100 in the flow, the galactic
contribution to the interstellar dust population from red giant winds is
approximately 3x10~3 Msun/yr. The mass of dust in the wind can also be
derived directly from infrared observations. Major wuncertainties in this
method are the infrared properties of the dust, and the dust temperature pro-—

file from the star.

Supernovae and novae. The contribution from these sources is less cer—
tain than the contribution from red giants. If the infrared echo detected

from SN 1980k is due to dust that formed in the supernova ejecta (Dwek et al.,

5
Msun

which makes it a neglible contributor to the interstellar dust population.

3

1983) then the total amount of dust produced in that event was about 10

IRAS observations of the Crab Nebula (Marsden et al., 1984) show that the IR

excess above the radio synchrotron emission from the nebula is very small.
3

Msun
is also too small to be significant on a galactic scale. TIRAS observations of

The excess translates into a dust mass of (5-30)x10" in the nebula which
the supernova remnant of Cas A show a large infrared excess above the free-
free continuum. A preliminary analysis of these observations (Dwek et al., in
preparation) suggests that the mass of the emitting dust is between 0.1 and
0.6 Msun” Adopting an average value in that range, and a frequency of “"Cas A
type” supernovae of 0.01/yr gives a total galactic dust production rate of

3X10—3Msun/yr, comparable to the contribution from red giant winds.
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The most convincing evidence that the sudden rise in the infrared emis-~
sion observed in novae is due to dust formation is the concurrent drop in the

UV output from the star. The mass of dust produced in a nova event can range

from 10—4 to lO"5 Msun® which for a frequency of 40 events a year gives a
contribution of (4“40)X10_4Msun/yr over the galaxy (e.g. Dwek and Scalo,
1980).

Planetary nebulae and protostars. Based on infrared photometric

observations of a large number of planetary nebulae Cohen and Barlow (1974)
concluded that these objects are dust deficient, i.e. the dust-to-gas mass
ratio in planetary nebulae is smaller than its cosmic value of 0.01. An
estimate the mass of the dust requires a detailed knowledge of the composition
and size distribution of the emitting particles, since these properties
determine the dust temperature in a given radiation field. Based on far-
infrared observations of a number of planetary nebulae Moseley (1980)
concluded that their dust—to-gas mass ratio is not significantly different
from that of the ISM. The gas contribution from planetary nebulae to the ISM
is about 4x1072 Msun/yr (Dwek and Scalo, 1980), which for a cosmic dust-to-gas
mass ratio gives an upper limit to the galactic dust contribution of
4x10 4Msun/yr,

The contribution of protostars to the interstellar dust population is
hard to estimate. Protostars are observed to be enshrouded in cocoons of
dust. The major uncertainty is the fraction of the dust that existed prior to
the formation of the star. Assuming that half of the condensible elements in
the protostellar nebulae existed in the gas phase Dwek and Scalo (1980) esti-

mated the dust contribution of protostars to be <3x10-4Mqun/yr-

Hot stars and evolved objects. Infrared excesses that can be attributed
to circumstellar dust were only observed in Wolf-Rayet stars of type WC9 and
some WC8's. Since these stars and other evolved objects are rare their con-
tribution to the interstellar dust is not expected to be significant. Abbott

(1982) estimated the gas mass loss rate from hot stars to be 0.0BMsun/yr,

4

giving a dust production rate <3x10 MSu

n/yr.
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6. PROSPECTS FOR FUTURE RESEARCH

A significant amount of observational, experimental, and theoretical
work is still needed to resolve the various issues reviewed by this working
group., The role of certain astronomical objects as dust sources is not yet
resolved, and their contribution to the interstellar dust population is un-
certain. The crystalline structure of the newly-formed dust is still subject
to interpretations, and the degree of reprocessing in the circumstellar envi-
ronment unclear. The identification of the carriers of the "unidentified"
emission baﬁds still needs to be firmly established, and details of the emis-
sion mechanism still need to be worked out. Details of the nucleation process
are lacking, and we are ignorant about the astrophysical conditions in the
condensation sites. More specifically, the following list of objectives may

help resolve some of the issues mentioned above.

Extensive mapping of the infrared emission around planetary nebulae will
establish the location of the dust with respect to the HII region and may
resolve the question of whether the observed dust was preexisting material
that was merely "pushed” out during the planetary ejection phase or whether it

formed in the planetary nebula.

Supernovae may contribute as much dust to the interstellar medium as
giant and supergiant stars. However the presence of dust in supernova ejecta
has not yet been established. IRAS follow-up observations with high spatial
resolution of young, unmixed, "Cas A type" supernova remnants will be an im~
portant step in that direction. High spectral resolution observations are
needed to estimate the contribution of infrared emission lines to the observa-
tions. Coordinated infrared and optical searches for Type I1 supernovae are

important if one hopes to observe the dust during its formation phase.

Spatial imaging, especially within a few tens of stellar radii, and the
determination of dust and molecular abundances with distance (radial and
azimuthal) is a useful observation to pursue. An evolutionary sequence

("atoms” to molecules to clusters to pregrains to grains) with distance from
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the star will yield valuable information on the development of grains in the

outflow.

Condensation experiments are needed to examine the validity of classical
nucleation theory in astrophysical envirbnments. Any alternative theory will
have to include the possibility of trappiﬁg volatile eléments in the condens-—
ing particles. A full kinetic nucleation model will require detailed transi-

tion rates between the various states of the system.

More observations are needed to characterize the physical conditions in
the various condensation sites. The implication of these conditions for the
nucleation process need to be examined. For example, many red giants and
related stars are 6bserved to pulsate and create slow shocks and density in-—
homogeneities in the outflow. The role of these shocks and inhomogeneities

(if they persist in the flow) in the nucleation process is unclear.

Observations capable of detecting spatial or temporal variations in
grain properties by means of variations in their spectral properties are crit-
ical to elucidating processing of circumstellar grains. Changes in the crys-
tal structure of grains due to processing in a circumstellar environment may
be monitored by narrow spectral band mapping of the circumstellar region at
wavelengths centered on the amorphous and crystalline silicate bands. Changes
in metal to silicon ratio of amorphous silicates introduces small spectral

shifts which may be monitored using this technique.

Grain destruction in the ISM is predicted to be so efficient that it
becomes difficult to account for the observed abundance of ref;actory grains
in the ISM, or to account for the preservation of isotopic anomalies in the
meteorites. The contribution of the various sources to the production of
interstellar grains needs to be reexamined. Of special importance are super-
novae which are noted for the overabundance of refractory elements in their
ejecta. The contribution of protostellar nebulae is also very uncertain.
Finally, methods of -producing dust in the interstellar medium (Elmegreen,
1981) or in dense cloud cores, need further investigation. On the other hand,

the efficiency for grain destruction may be lower than currently estimated.
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The dynamics and the destruction of the dust in various types of astrophysical
shocks need to be reexamined in more detail.
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INTERSTELLAR GRAINS
T. P. Snow et. al.

There are few aspects of interstellar grains that can be unambiguously
defined. Very little can be said that is independent of models or presupposi-
tions; hence this report will primarily raise issues and categorize questions,

rather than providing definitive answers.

The questions and issues that have arisen during the conference fall
into three general areas: (1) the general physical and chemical nature of the
grains; (2) the processeé by which they are formed and destroyed; and (3)
future observational approaches to (1) and (2). A fourth category, discussion
of alternative models for the grains, could be added, but the models have been
well described in this volume by Mathis, and the reader may judge how well the

data summarized here compare with the models.

As an introduction, though, certain general characteristics of the
interstellar mediqm (ISM) need to be mentioned. There are several types of
environments, distinguished on the basis of density and temperatures: (1)
dark clouds, constituting the majority of the mass in the ISM, having densi-

3 and temperatures below 50K; diffuse clouds,

ties over 103 particles per cm
containing perhaps 25-50 percent of the mass, characterized by densities of
1—100/cm3 and T in the range 50-100K; "intercloud" gas (which may actually
represent the surfaces of diffuse clouds), containing between 1 and 30 peréent
of the mass, with densities of roughly l/cm3 and T near 103K; and the so-
called coronal gas, containing insignificant quantities of mass (but filling

3

most of the volume of the ISM) with n of 10—2/cm and T on the order of

105_6K. Grains are detectable in the first three of these environments; The
greatest quantity of information comes from those in the dark clouds aﬁa the
diffuse clouds. Hence, this report will concentrate on these two environ-—
ments, but it is worth noting here that attempts to detect and analyze grains

in the other regimes of the ISM would be of interest.
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I. THE PHYSICAL AND CHEMICAL NATURE OF INTERSTELLAR GRAINS

Based on observations and relatively model-free interpretations, we can
specify several important aspects of interstellar grains, and raise questions

associated with each.

Scattering theory indicates that grains represent roughly 1 percent of
the mass in the interstellar medium. This value is consistent with the frac-
tion of the mass that is depleted from the diffuse interstellar gas, so it is
thought that rather little diffuse~cloud mass is tied up in grains (such as
very large particles) that do not affect interstellar extinction, or in mole-—

cules.

From the observed scattering and extinction properties of interstellar
grains, it 1is clear that there must be a range of sizes. The precise size
distribution is not well known. The review by Mathis in this volume discusses
several alternatives which have heen suggested. Infrared data from reflection
nebulae (Sellgren, 1984; Witt et al., 1984) indicate that the size distribu-
tion extends to very small (<100A) grains, but it is not known what the lower
limit on grain sizes is, nor whether in fact the distribution represents dis-
tinct populations rather than a continuum. (There is, in fact, a substantial
question about the distinction between large molecules and small grains for

typical sizes below 100A).

The narrowing of the linear polarization curve in dense clouds (Wilking,
Lebofsky, and Ricke, 1982) indicates a reduction in the range of particle
sizes, as would be expected if grains coagulate -in the clouds or if the grains
grow mantles which are thick in comparison to the cores (Aannestad and
Greenberg, 1983). Scattering data in the infrared (for clumps around iRcZ in
OMC~-1) indicate that grain sizes in dark clouds are substantially larger than
in diffuse clouds and could typically be a fraction of a micron (Ronan and
Leger, 1984).

Little 1is known definitively about the composition of interstellar

grains, but cosmic abundances impose severe constraints. The 9.7 micron emis—
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sion feature probably shows that silicates are present and it has been argued
that organic material is also present (Allen and Wickramasinge, 1981;
Allamandola, 1984). Other spectroscopic indicators are ambiguous or unidenti-
fied. Grains containing graphite are suspected to be present, since carbon
stars are rich sources of grains. Graphite may account for the 2175A extinc-
tion feature, but there are difficulties in this interpretation. One problem
is that a plausible variation in the size distribution for graphite grains
(Mathis, Rumpl, and Nordsieck, 1977) should produce a range of bump wave-
lengths that is not observed; another problem is that the bump is absent (and
replaced by a feature near 2400A) in the best-observed carbon star (R Cr B;

Hecht et al., 1984).

Observations of circular and linear polarization due to grains (Martin
and Angel, 1977) indicate that the polarizing grains are dielectric in nature,
implying that they are nearly pure scatterers. On the other hand, data on
extinction in emission nebulae (Israel and Kennicutt, 1980) and on scattering
in reflection nebulae indicate that some absorption occurs. Models of reflec—
tion nebulae (Witt and Cottrell, 1980) show that typical grain albedos are
roughly 0.6. This 1is consistent with infrared emission data from IRAS as
well, but is inconsistent with the requirement that dielectric (i.e., purely
scattering, non-absorbing) grains produce the observed polarization. Hence,
the evidence is strong that at least two distinct types of grains contribute
visible-wavelength polarization and extinction. Other data may show a signif-
icant shift in the scattering phase function between visible and ultraviolet
wavelengths, so a third distinct population, responsible for extinction in the

ultraviolet, seems also to be present.

Studies of grain formation (discussed in Section II below) iundicate that
there are at least two distinct environmenté in which formation may occur:
(1) oxygen-rich environments, yielding grain compositions dominated by sili-
cates or oxides; and (2) carbon-rich environments, producing grains made of
pure carbon or carbon compounds such as SiC. This picture may be consistent
with the independent evidence (cited above) for distinct grain populations,

but few observational tests can be made. Evidently, the different grain popu-

s
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lations are rather well mixed in the interstellar medium, so it is difficult

to associate specific grain origins with specific observable grain properties.

Beyond the general assumption that there are silicate grains and carbon
grains in the diffuse medium, very little specific information is available on
grain compositions. One possibility is "quenched carbonaceous condensate”,
produced in the laboratory, which/shows a 2175A feature (Sakata et al., 1984),
Another very recent suggestion, consistent with near-infrared photometric data
indicating the presence of a population of very tiny grains, is that polycy-
clic aromatic hydrocarbons (PAH's) exist in abundance (Leger and Puget, 1984).
These molecules may be viewed as constituents of graphite particles. They may
account for several previously unidentified infrared emission features in
emission and reflection nebulae (although molecular vibrational transitions
induced by charged grains have also been suggested (Puetter, this volume)) and
in solid form (as on grain mantles) they may also play a role in creating the
broad near-IR emission observed in several reflection nebulae (Wdowiak, this
volume). Furthermore, they may also explain the emission in the 12 micron
band by the "interstellar cirrus” clouds discovered by IRAS (Leger, this
volume; although thermal emission by tiny silicates is another possibility),
and appear potentially interesting as candidates for the carriers of the con-
founding unidentified diffuse interstellar bands (DIB's) in the visible (Leger
and d'Hendecourt, 1985; van der Zwet and Allamandola, 1985; Crawford, Tielens

and Allamandola, 1985).

The potential for PAH's is tempered, however, by a lack of information.
It remains to be seen how well they will withstand more careful scrutiny. For
example, little is known about the detailed spectra of specific species, and
quantitative measurements of their wultraviolet extinction properties are

available for only a few relevent species.
Summary of key questions:

1« Grain Size Distribution: It is important to know how small and how
abundant grains are at the small end of the distribution. This has important

implications for the observed near-IR broadband emissions from some regions,
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and for the surface area available for depletion and for other surface pro-

cesses such as H, formation.

2. Grain Composition: Is there graphite in the interstellar medium, or
not? Meteoritic data suggests that there may not be (Nuth, this volume). 1In
either case, how do we account for the invariability of the 2175A extinction
feature, since shifts in wavelength are expected if it is due to a continuum
of grains? How much graphite is needed to produce the 2175A feature and how
well-ordered must its structure be? Can we find regions dominated by either
carbon-rich or oxygen-rich grains, so that we can directly associate grain
properties with grain origins? Do polycyclic aromatic hydrocarbons or
quenched carbonaceous condensates exist in the interstellar medium? Can we
explain the simultaneous indications that visible polarization is produced by

pure scatterers, while visible extinction is in part due to absorption?
II. GRAIN FORMATION AND DESTRUCTION

Analysis of grain formation rates (in the atmospheres of red giants and
in supernovae) shows that the entire mass of galactic dust and gas population
can be produced in about 3x10° years. On the other hand, grain destruction in
shocks apparently can destroy grains in 103 years (Draine and Salpeter, 1979;
Dwek and Scalo, 1980; Seab and Shull, 1983). This indicates that there must
be an additional source of grains, in order to maintain the observed popula-
tion. The only suggested additional source is the growth of grains by accre-
tion onto small seeds in dense interstellar clouds (Draine, 1984; Greenberg,
1984). There is substantial observational evidence, in the form of measured
depletions and IR absorption due to icy grain mantles, that grains can grow
due to accretion of material from the gas. There are substantial questions,
however, about the source of nucleation seeds for such growth, about the time-
scale on which the growth occurs, and about whether such growth can produce

grains with all the observed properties.
Nucleation seeds may be available from shock processing of grains, 1if
the grains are broken into fragments rather than being fully vaporized. Con-

straints can be placed on this by observations of shocked gas, which show that
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most of the grain material is vaporized in high-velocity shocks (as indicated
by the lack of depletion in shocked gas (e.g. Shull and York, 1977; Snow and
Meyers, 1979). Lower—velocity shocks may, however, break grains into pieces

without fully vaporizing them.

The timescale for grain growth in interstellar clouds depends on the
available surface area; recent indications that a large number of very small
grains are present (Sellgren, 1984; Draine and Anderson, 1985) have substan-
tially increased the estimated surface area, and hence, have reduced the

grain-growth timescales to reasonable values.

Potentially difficult aspects of grain growth in the interstellar medium
have to do with the observational counstraints placed on the resulting grains.
Several specific grain features must be reproduced by grains grown in the
interstellar medium. For example, the 9.7 micron feature indicates the pres-—
ence of silicates, which might be formed by condensation at high temperature
in a stellar atmosphere, but which may be more difficult to form from the
deposition of silicon atoms onto cold grains in the presence of hydrogen.
Amorphous films of Si0 and Mg + Si0 have been grown in argon matrices at 50K.
These films have infrared absorption properties which resemble interstellar
silicates (Stranz et al., 1981; Donn et al., 1981). It is noteworthy in this
context that virtually all silicon in the diffuse ISM is in the grains, so the
process of grain growth in the ISM must be very efficient. Also, the analysis
of interplanetary material reveals isotopic ratios that probably were created
by r-process (supernova) or ‘s-process (stellar atmospheres) during circumstel-
lar grain formation, and which would be very difficult or impossible to re-
create in grains grown by accretion in the interstellar medium. This implies
that some fraction of the interstellar grains present when the solar system
formed were pristine products of the formation processes in supernovae or
stellar atmospheres, and had not been destroyed and regrown in interstellar
environments. Also, as noted in Section II, there apparently are distinct
grain populations, as evidenced by scattering and polarization analyses. It
is possible to attribute these to distinct formation environments if grains
are produced in stars or supernovae, but this is not so easy to do if grains

are grown in the ISM. Perhaps the distinct populations arise from nucleation
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cores with distinct compositions and differing abilities to grow or retain

mantles.

Apart from the general question of grain formation rates versus grain
destruction rates, more specific information is available on grain growth.
There is a general pattern of elemental depletions indicating that certain
elements (generally refractories) are more highly concentrated in grains than
others. It is not clear whether this pattern is due to selective accretion of
refractories onto grains, to selective sputtering or photodesorption of vola-
tiles off'of grains, or to a grain formation process in which the refractory
elements are bound into grain cores. Possibly all four processes are at work.
It is clear that accretion onto grains does occur; that the overall level of
depletion correlates at least roughly with cloud density (although the evi-
dence for this is not as strong as commonly supposed; curve-of-growth ambigu-
ities due to line saturation on one hand, and regional variations on the other

apparently conspire to enhance the appearance of a correlation).

A grain growth process that competes with mantle accretion is the coagu-
lation of grains, as implied by the low ratio of scattering optical depth to
grain mass that characterizes certain diffuse clouds (Jura, 1980; Mathis and
Wallenhorst, 1981), and by the particle size distribution in dark clouds
inferred from infrared scattering studies (Ronan and Leger, 1984). This
process has no effect on depletions, however, and so it cannot explain the
enhanced overall depletions in dense clouds. Hence, grain growth must occur
in dark clouds both by the accretion of mantles as well as by coagulation.
Evidence for mantle growth is found in the 3.1 micron water ice feature and in
many other bands (e.g. Hagen et al., 1980; Tielens et al., 1984, 1985;
Allamandola, 1984; Kitta and Kratschmer, '1983). A quantitative analysis of
the mantle features in one line of sight (W33) implies that 30% of the carbon

and oxygen are in grain mantles.
Summary of key questions:

1. Formation And Destruction Rates: 1Is t